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ABSTRACT OF DISSERTATION

INVESTIGATION OF GATE DIELECTRIC MATERIALS AND
DIELECTRIC/SILICON INTERFACES FOR METAL OXIDE SEMICONDUCTOR
DEVICES

The progress of the silicon-based complementary-metal-oxide-semiconductor (CMOS)
technology is mainly contributed to the scaling of the individual component. After decades
of development, the scaling trend is approaching to its limitation, and there is urgent needs
for the innovations of the materials and structures of the MOS devices, in order to postpone
the end of the scaling. Atomic layer deposition (ALD) provides precise control of the
deposited thin film at the atomic scale, and has wide application not only in the MOS
technology, but also in other nanostructures. In this dissertation, I study rapid thermal
processing (RTP) treatment of thermally grown SiO2, ALD growth of SiO2, and ALD
growth of high-k HfO2 dielectric materials for gate oxides of MOS devices. Using a lateral
heating treatment of SiO2, the gate leakage current of SiO2 based MOS capacitors was
reduced by 4 order of magnitude, and the underlying mechanism was studied. Ultrathin
SiO2 films were grown by ALD, and the electrical properties of the films and the SiO2/Si
interface were extensively studied. High quality HfO2 films were grown using ALD on a
chemical oxide. The dependence of interfacial quality on the thickness of the chemical
oxide was studied. Finally I studied growth of HfO2 on two innovative interfacial layers,
an interfacial layer grown by in-situ ALD ozone/water cycle exposure and an interfacial
layer of etched thermal and RTP SiO2. The effectiveness of growth of high-quality HfO2
using the two interfacial layers are comparable to that of the chemical oxide. The interfacial
properties are studied in details using XPS and ellipsometry.
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Dielectric Material, Interfacial Layer
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Chapter 1 Introduction
1.1 Scaling of the integrated circuit
The tremendous development of the integrated circuit (IC) technology in the past decades
has laid a foundation for the overwhelming modern computer technology. Since the
switching and amplifying functions of the traditional vacuum tubes and relays were
realized by semiconductor-based transistors, the discrete components were replaced by an
integrated circuit chip containing huge number of semiconductor devices. The
implementation of the complementary metal-oxide-semiconductor (CMOS) technology
promoted the functions of the integrated circuit, as well as a reduced static power
consumption, and has become the mainstream technology in integrated circuits.

The development of the integrated circuit during the past decades has been driven by the
scaling of the metal-oxide-semiconductor field effect transistor (MOSFET). The
dimensions of the individual device in the integrated circuit have been markedly shrinking,
increasing both the density and the performance of the integrated circuit. The scaling trend
of the integrated circuit was summarized and predicted by the so-called Moore’s law,
indicating that the number of transistors that can be placed inexpensively on a dense
integrated circuit doubles approximately every 18 months[1]. Since 1965, Moore’s law has
been successfully leading the progress of the semiconductor industry. The transistor counts
in generations of microprocessors are plotted in figure 1.1. The logarithmic vertical scale
of the plot indicates that the transistor counts have been exponentially increasing in each
generation.

1

The average half-pitch, which means one half the average of the distance between metal
lines in a generation of dynamic random-access memory (DRAM), is commonly used to
define the technology node of microprocessors manufactured during the same time period.
In 2014, Intel announced their 15-core Xeon Ivey Bridge-EX microprocessors built using
the 22 nm technology, which contains 4.3 billion transistors. The first processor built with
the 14 nm technology is the Intel Core M processor. At the beginning of this year, the 5th
generation Intel Core processor was released, which is also built with the 14 nm technology,
and 1.3 billion transistors are integrated. In the 2015 International Solid-State Circuits
Conference (ISSCC) held in February, multiple leading companies including Intel,
Samsung, etc. announced their progress in the 10 nm technology.

The increase of the integrated circuit density is desirable for apparent reasons: more devices
could be integrated in the same area, enlarging the memory capacity and the functional
capability. Additionally, the integrated devices are fabricated using photolithography, so
the cost of individual device could be exponentially reduced by the large-scale integration.
Integrated circuit meets a variety of technical requirements, including the circuit speed, the
static (off-state) power consumption, and the ranges of the power supply and output
voltages[2]. The most critical requirement differs according to the application areas of
integrated circuits. For high performance logic circuits, such as that used in
microprocessors, high speed is the prime goal, while for low power circuits, such as those
used in cellphones, low static power consumption is the prime goal. The functional

2

performances of the integrated circuits also benefit from the diminishing of the dimensions
of the MOSFETs.

The speed of high performance logic circuits is dependent on the drive current, which is
the source-drain saturation current of the MOSFET. The improved performance of
integrated circuits can be seen from the effect of the scaling on the drive current. The
saturation current ID,sat of the MOSFET can be written as the following equation[3, 4]:

(V − VT )
W
= µC ox G
L
2

2

I D , sat

(1.1)

where W and L are the width and length of the MOSFET channel, μ is the channel carrier
effective mobility, Cox is the gate oxide capacitance density, VG is the gate voltage, and VT
is the threshold voltage. Reduction of channel length L, increase of channel carrier effective
mobility µ and gate oxide capacitance density Cox, will result in an increased ID,sat. Adam
Brand in Applied Materials Inc. summarized the scaling trend of the gate length since
1970s, the plot is cited here as the figure 1.2[5]. In spite of the exponentially increased
transistor counts in the microprocessor and the continuously shrinked technology node, the
redution of the gate length of the conventional planar MOSFETs has stopped since 2006,
when it reached 35nm. The further scaling of the gate length requires innovations of device
materials and structures, and the scaling concept is not only the dimensional shrinking any
more, but the so-called “equivalent scaling”. The innovations of the device materials and
sturctures will be illustrated in section 1.3.

3

The gate oxide capacitor could be modeled as a parallel plate capacitor, so the gate oxide
capacitance density Cox is defined as:

C ox =

kε 0
t ox

(1.2)

Where k is the dielectric constant of the gate oxide, ε0 is the vacuum permittivity (8.85×1012

F/m), and tox is the gate oxide thickness. Increase of the dielectric constant and reduction

of the gate oxide thickness will result in an increased Cox.

The success of integrated circuits could be largely attributed to the success of amorphous,
thermally grown silicon dioxide (SiO2) as the gate oxide for Si-based MOSFET. The
appealing properties making SiO2 an ideal gate oxide include: (1) sufficient dielectric
constant (~3.9); (2) large band gap (～9eV) and suffcient band offsets with Si at both
conduction and valence bands; (3) perfect Si-SiO2 interface with interface trap density
~1010 eV-1cm-2; (4) good dielectric strength with breakdown electrical field >10 MV/cm;
(5) thermal stability with Si even at high temperature; (6) good insulating strength for boron
peneration from the p+ poly-Si gate; (7) ease to thermally grow high quality SiO2 on Si
substrate at a low cost. These properties enabled Si to dominated the semiconductor
industry for decades among other semiconductor materials, such as Ge, GaAs, InP, etc.
The material properties of SiO2 are summarized in table 1.1.

Reducing the thickness of the thermally grown SiO2 in the Si-based MOSFET had been an
effective way to increase the gate oxide capacitance density Cox and the drive current ID,sat,
4

until the thickness of the SiO2 was reduced to ~3 nm with the 180 nm technology node[6].
At this oxide thickness range, the gate leakage current mechanism is mainly the direct
tunneling, in which the current exponentially increases with the decrease of the gate oxide
thickness[7]. Plus, the insulation of the boron penetration from the p+ poly-Si gate is no
longer effective[8, 9]. Struggling with these problems, the thickness of the SiO2 was
shrinked to 1.3 nm, when the effect of the further increased Cox to the drive current ID,sat
will be canceled out by the degradation of the channel carrier mobility[2, 10, 11]. The gate
leakage current became unacceptable, resulting in extra power consumption, degradation
of reliablility, peneration of impurity, and eventually malfunction of the MOSFET.

In order to keep up with the scaling trend predicted by the Moore’s law, alternative gate
oxide materials with dielectric constants higher than that of SiO2 (high-k materials) were
desired. The high-k gate oxide can be physically thick to reduce the direct tunneling current,
and electrically thin to provide sufficient gate oxide capacitance density. The electrical
thickness of the high-k gate oxide is evaluated using the concept “equivalent oxide
thickness” (EOT), which means the thickness of the SiO2 film needed to provide the same
gate oxide capacitance density as the high-k oxide film. Referring to equation 1.2,
k SiO2 ε 0
EOT

And

EOT =

=

k high − k ε 0
t high − k

k SiO2
k high − k

5

t high − k

(1.3)

As reported in the international technology roadmap for semiconductors (ITRS, 2013
edition), the state of the art EOT of the logic high performance transistors is 0.8 nm, and it
is predicted to be scaled down to ~0.4 nm in 2028[12]. The ITRS predictions of the EOT
and the gate length are plotted in figure 1.3[12].

1.2 High dielectric constant (high-k) materials
Many dielectric materials have dielectric constants (k values) larger than that of SiO2 (~3.9),
ranging from Si3N4 (k~7) to SrTiO3 (k~2000). Table 1.2 lists selected high-k dielectric
materials and their approximate dielectric constants[13, 14]. A comprehensive summary of
the high-k dielectrics and their properties is reported by O Engström, etc.[15].

In order to get high gate oxide capacitance, high dielectric constant is desired. However,
high dielectric constant is not the only condition for a high-k dielectric material to be a
successful substitute for SiO2 in MOSFET. Some key requirements that a high-k dielectric
material needs to meet in order to be an alternative gate oxide in CMOS technology are
discussed below:

(1) Sufficient dielectric constant
Since the production cost of the semiconductor industry would be tremendously increased
by the implementation of an innovative high-k material into the existing CMOS process
flow, the dielectric constant should be large enough to support the performance
improvement of microprocessors for several generations. Al2O3 has appealing properties
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comparing to other high-k dielectric materials, such as large band gap, large conduction
band and valence band offsets with Si, thermal stability with Si even at high temperature
necessary for CMOS fabrication, good interfacial quality, etc.[16-20]. However, the
dielectric constant of Al2O3 is only ~9, which limits its capability of increasing the drive
current. Al2O3 is commonly used in memory application due to the low requirement of the
circuit speed [21-24].

The actual dielectric constant of a high-k dielectric thin film varies according to the
deposition techniques, the deposition parameters, and the ratio of the components in the
material. O. Buiu etc. studied the relation between the dielectric constant of HfO2 film and
the Hf concentration, and reported that even for the same Hf concentration, the dielectric
constant would be modified by the preparation method and properties of the interfacial
layer between the HfO2 film and the Si surface[25, 26].

(2) Band gap and band alignment to Si
Sufficient band gap of the high-k dielectric material is necessary, in order to reduce the
gate leakage current. Robertson explored the relation between the band gap and the
dielectric constant, and reported that in general, the band gap is in inverse proportion to the
dielectric constant. This indicates materials with high dielectric constants usually have
small band gaps, which would increase the gate leakage current[13, 27]. Figure 1.4 plots
the band gap versus the dielectric constant for selected high-k materials.
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Besides band gap, conduction band and valence band offsets of high-k dielectric materials
with Si is another issue that needs to be considered in selection of proper gate oxide. The
barrier height affects the gate tunneling current, either Fowler-Nordheim tunneling current
or direct tunneling current, at an exponential rate[28-30]. Additionally, small barrier height
would increase the Schottky thermionic emission, which is harmful to the channel carrier
mobility of the MOSFET. Robertson calculated the conduction band and valence band
offsets of a variety of high-k materials with Si[2, 27], there are also other published results
verifying and supplementing Robertson’s calculation[31, 32]. The band alignments of
selected materials are drawn in figure 1.5. Among the high-k materials in this figure, HfO2
and ZrO2 have large band gaps and band offsets, making them ideal candidates to replace
SiO2 in semiconductor industry.

(3) Thermal stability in contact with Si
High temperature process is necessary in the CMOS technology, such as the dopant
activation process. The desired thermal stability of high-k dielectric materials concerns the
crystallization at high temperature, the formation of silicate, the growth of SiO2 interfacial
layer, etc.

Crystallization of high-k dielectric materials at high temperature must be avoided, because
crystallization forms additional conduction path for gate leakage current. Preparation
methods of the high-k materials affect the crystallization temperature. HfO2 grown by
molecular beam epitaxy (MBE) was reported to crystallize at 450°C[26, 33], while HfO2
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grown by sputtering of Hf in O2 atmosphere was reported to crystallize at 700°C[2]. By
optimizing the growth parameters and the gate technology, HfO2 was successfully annealed
at 1000°C without degrading the electrical properties of the device [34-36].

At high temperature, possible formation of metal-Si-oxide silicate at the high-k/Si or SiO2
interface should also be avoided because it might create additional conduction path for gate
leakage current and introduce short between source and drain. It was reported that HfO2/Si
interface is stable without formation of silicate, while ZrO2/Si interface is not stable[37,
38], causing compatibility problem with poly-Si gate. This is the reason that HfO2 has been
chosen over ZrO2 in CMOS technology. It is needed to clarify that some silicates are also
high-k dielectric materials, and their properties have been explored [39-42]. The formations
and structures of the high-k silicates are different from the thermal stability concern
discussed here.

A SiO2-like interfacial layer exists between high-k gate oxide and Si, improving the
interfacial quality. However, the regrowth of the interfacial layer during the high
temperature process must be strictly controlled in order not to increase the EOT of the gate
oxide stack. It was explained through ternary phase diagrams that Ta2O5 and TiO2 are not
stable to SiO2 formation [2, 43, 44], which limits their applications in CMOS technology.
HfO2 and ZrO2 are well known of easy O2 penetration, so O2 must be get rid of from the
atmosphere of the high temperature process.
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(4) Low interface trap density
The defects at the gate oxide/Si interface enhance the carrier scattering effect in the channel
of transistors, degrading the carrier mobility. The best gate oxide/Si interface available in
semiconductor industry is the thermal SiO2/Si interface, the midgap interface trap density
of which is ~2×1010cm-2. The interface trap densities of high-k dielectric materials are all
higher than that of SiO2. The high-k dielectric materials usually have a flatband voltage
(VFB) shift from the theoretical value (work function difference between the semiconductor
substrate and the gate), which might be partially attributed to the large amount of interface
traps. Thus, the interfacial quality must be evaluated before applying a high-k dielectric
material into the CMOS technology.

HfO2 satisfies most of the requirements and made itself an outstanding candidate among
all the high-k dielectric materials. The material properties of HfO2 are compared with those
of SiO2 in table 1.1. HfO2 was firstly applied into manufacturing of integrated circuits in
2007 by Intel and IBM in their 45 nm technology, and has successfully supported
generations of microprocessors since then. Referring to the 2013 edition of the international
technology roadmap for semiconductors (ITRS), the gate length of the HfO2-based high
performance logic transistor has been scaled down to 20 nm, and the EOT has been scaled
down to 0.8 nm[12].

Various technologies can be used to grow HfO2, such as MBE[26, 33], sputtering of Hf in
O2 atmosphere[45], electron-beam evaporation[46], re-oxidation using rapid thermal
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annealing (RTA)[47], etc. Among these technologies, atomic layer deposition (ALD)
provides atomic-level control of the film thickness, uniformity and stoichiometry on large
areas, due to its self-limiting reaction. The ALD will be extensively discussed in section
1.4.

1.3 Recent innovations for further scaling
The aggressive scaling of transistors has reduced EOT of gate oxide to < 1 nm, and it is
expected to be 0.41 nm by 2028. The gate length is also expected to be simultaneously
scaled down from 20 nm to 5.1 nm[12]. The traditional way of diminishing the physical
dimensions of transistors cannot support the aggressive scaling any more, innovative
materials and device structures are desired, in order to keep up with the scaling steps
predicted by Moore’s law. The scaling realized by the innovations is called as the
“equivalent scaling” to distinguish from the traditional scaling. Generally speaking, the
architecture of transistors are switching from planar design to vertical design.

In the fully depleted (FD) silicon-on-insulator (SOI) MOSFETs, an ultrathin layer of
insulator is placed on top of Si substrate, which is named as the buried oxide (BOX). An
ultrathin layer of Si is placed between the BOX and the gate oxide, and it acts as the channel
between source and drain. The cross sectional view of the FD-SOI MOSFETs is shown in
figure 1.6. While the sharply increasing doping level of the channel creates scaling barrier
for the traditional planar MOSFETs, there is no need to dope the channel of the FD-SOI
MOSFETs due to its thinness. The electrical control of the FD-SOI MOSFETs is
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intrinsically improved, enabling better performance. Additionally, the short channel effect
and the source-drain leakage current are effectively reduced by the BOX. Using the FDSOI MOSFETs, the scaling of the gate length could be pushed forward[48-50].

The FinFETs, which are vertical double-gate MOSFETs, were firstly developed by
Chenming Hu etc. at the University of California, Berkeley[51-54]. The conductive
channel is a thin wall with the “fin” shape wrapped by gate material, enabling good
electrical control of the carriers from more than one direction (as shown in figure 1.7 (a)).
The device is considered as vertical because two gates locate vertically on the two sides of
the channel. The channel length is decided by the thickness of the gates. Using this design,
the source-drain leakage current of the transistor is dramatically reduced, and the short
channel effect is alleviated. Based on the FinFETs, multi-gate technologies have been
developed by leading semiconductor companies. The structure of the Tri-gate transistors
built by Intel is shown in figure 1.7 (b), where multiple fins are connected together. The
Tri-gate transistors have been applied in Intel’s products since the commercialization of
the 22 nm technology (2011), and are considered to be the promising architecture for future
scaling.

The ultimate electrical control of the conductive channel is expected to be realized by the
gate-all-around (nanowire) transistors. The fundamental idea of the gate-all-around
transistors is similar to that of the multi-gate transistors, except that the conductive channel
is thoroughly surrounded by the gate material. The cross sectional views of the conductive
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channels of the double-gate FinFETs, Tri-gate transistors and gate-all-around transistors
are drawn together in figure 1.8 to compare. The conductive channel material is a bunch of
nanowires, including Si nanowires and III-V nanowires[55-57]. The outstanding
controllability of the conductive channel is expected to introduce tremendous improvement
of the performance, and maximize the density of the integrated circuits.

Besides innovative architectures of transistors, materials with carrier mobility higher than
that of Si are implemented into the integrated circuits in order to increase the drive current.
Strained Si was firstly used by Intel in their 90 nm technology[58]. Germanium (Ge) and
III-V materials have appealing mobility and are becoming desirable channel materials in
up-to-date transistors. According to ITRS, the semiconductor industry is optimistic about
InGaAs for n-channel and Ge for p-channel[12].

1.4 Atomic Layer Deposition (ALD)
Atomic layer deposition (ALD) has been an important technique in semiconductor
processing that allows for atomic level control of thin film deposition. The invention of
ALD concept can be traced back to 1960s with the name “molecular layering”, while in
1970s it was renamed as “atomic layer epitaxy” (ALE), and in 2000 it was finally renamed
as “ALD”[59]. Although a number of applications have been demonstrated in ALD history
such as preparations of epitaxial compound semiconductors and III-V compounds in
1980s[60], ALD was not widely applied until mid-1990s to grow the dielectric materials.
The development of silicon-based semiconductor devices and integrated circuits motivated
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and facilitated the exploration of ALD technique. The implementation of plasma broadened
the material category that can be deposited using ALD (plasma-enhanced ALD, PEALD).
Besides microelectronics, ALD has also been applied in a large variety of disciplines
including magnetic recording heads, optics, protective coatings, and microelectromechanical systems (MEMS)[60].

In principle, an ALD process refers to a sequential treatment of a surface containing a finite
number of reactive sites, resulting in self-limiting reaction. The reactive species are
saturated and the thin films are deposited with precise thickness control at the angstrom
level. In an ideal circumstance with complete exposure and purge in each step, surfaces
can only absorb precursor molecules (gases, volatile liquids or solids) until all reactive sites
are saturated, prohibiting any further reactions. Due to the nature of self-limiting reaction,
ALD has huge advantages over other thin film techniques, especially when pursuing film
conformity on large size substrates, or on high aspect ratio structures[61]. Although the
film thickness is affected by the size of precursor molecules, as well as the number of
adsorption sites on surface, the thickness is mainly determined by the number of reaction
cycles involved. In addition, since reactants are supplied separately and each step is pushed
to completion, ALD process requires less need of reactant flux homogeneity than chemical
vapor deposition (CVD) techniques. The ALD mechanism greatly expands the diversity of
precursors and improves the tolerance towards small changes in experimental conditions
such as temperature and precursor flow rate[60]. The effectiveness of ALD on substrates
with complex structures also broadens its application.
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One of the most important applications of ALD is to deposit high quality HfO2, the
mainstream dielectric material in microelectronic industry. A variety of organic precursors
could be used, including hafnium tetrachloride (HfCl4)[62], amino-type precursors such as
tetrakis(ethylmethylamino)hafnium (TEMAH)[63] and tetrakis(diethylamino)hafnium
(TDMAH)[64], cyclopentadienyl-type precursors such as Cp2Hf(CH3)2[65], etc. H2O or O3
can be used as the oxidant[66]. The deposition using HfCl4 has been reported to be
dependent on the surface preparation[67], while the dependence is remarkably alleviated
with TEMAH and TDMAH[68-70]. Additionally, the products of the HfCl4 and H2O based
ALD process include HCl, which is corrosive and harmful to the environment. Thus, the
amino-type precursors are preferable. In figure 1.9, the chemical mechanism of the
TDMAH and H2O based ALD process is demonstrated.

1.5 Outline of the dissertation
The dissertation is devoted to the investigation of the gate dielectric materials and the
dielectric/silicon interfaces in the Metal-Oxide-Semiconductor (MOS) structure, in order
to improve the electrical properties of the MOS devices in the actual integrated circuits, as
well as broaden the application of the gate dielectric materials on the nanostructures and
reduce the industrial fabrication cost. Three goals have been achieved in the dissertation.
Firstly, the electrical property of the widely used thermal SiO2 has been tremendously
improved using an innovative thermal treatment. Secondly, ultrathin SiO2 film has been
deposited by ALD, the material and electrical properties of the film and the SiO2/Si
interface have been extensively evaluated. Thirdly, the desirable interface conditions for
ALD of high quality HfO2 have been discussed, and two original interfacial layers have
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been developed; the properties of the interfacial layers have been comprehensively studied,
and the potential benefits to the industry have been proposed.

In Chapter 2, fabrication of the MOS capacitor is illustrated in details. In addition, a wet
etching process for patterning of the metal gate for the MOS capacitor is developed and
evaluated. Comparison will be made between the MOS capacitors fabricated using the liftoff process and the wet etching process, and the advantages of the wet etching process will
be demonstrated.

In Chapter 3, an innovative lateral heating treatment is developed using the rapid thermal
process (RTP). After this treatment, the gate leakage current of the ultrathin SiO2 based
MOS capacitors was reduced by 4-5 orders of magnitude. The underlying correlation
between the gate leakage current reduction and the material structure change will be
explored in depth.

In Chapter 4, the deposition of thin SiO2 films using ALD is discussed. The growth linearity,
the electrical and material properties of the thin films, and the SiO2/Si interfacial quality
were characterized by the multi-angle spectroscopic ellipsometry and the multi-frequency
capacitance density-voltage (C-V) measurement.
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In Chapter 5, the ALD growth of high quality HfO2 on chemical oxide interfacial layer is
covered. The chemical oxides grown at various temperatures in different time duration
were studied using the multi-angle spectroscopic ellipsometry. The dependence of the
interfacial quality on the thickness of the chemical oxide will be discussed.

In Chapter 6, the preparation of an in-situ formed hydrophilic interfacial layer is illustrated.
The interfacial layer was grown by ozone and H2O exposure in the ALD chamber. The
material properties of the interfacial layer were studied by the multi-angle spectroscopic
ellipsometry and the X-ray Photoelectron Spectrometer (XPS). The effectiveness of the
interfacial layer for the growth of the high quality HfO2 will be compared to that of the
chemical oxide.

In Chapter 7, an innovative interfacial layer for ALD of high quality HfO2 is prepared by
controllable etching of thermal and RTP SiO2. The etching speeds of the oxides in diluted
hydrofluoric acid (HF) solution were monitored by the multi-angle spectroscopic
ellipsometry. The effectiveness of the interfacial layer was investigated by the electrical
measurement of the MOS capacitors, and the chemical oxide interfacial layer was used as
a reference.

In Chapter 8, the presented work in the dissertation is summarized, and the future research
directions are proposed.
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Table 1.1. Material properties of SiO2 and HfO2.

Material Properties

SiO2

HfO2

Dielectric constant

~3.9

~20

Band gap (eV)

9

6

Conduction band offset with Si (eV)

3.5

1.5

Valence band offset with Si (eV)

4.4

3.4

Density (g/cm3)

2.27

9.68

Bulk refractive index

1.46

2.2

Melting point (°C)

1600

2758

Interface trap density (cm-2eV-1)

~1010

~1011
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Table 1.2. Selected high-k dielectric materials and their dielectric constants[13, 14].
Material

Si3N4

Al2O3

Y2O3

La2O3

Ta2O5

TiO2

k

~7

~9

~15

~30

~22

~80

Material

HfO2

ZrO2

ZrSiO4

HfSiO4

SrTiO3

k

~25

~25

~13

~11

~2000
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Figure 1.1. Number of transistors in state-of-the-art microprocessors from 1971 to 2014.
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Figure 1.2. The scaling trend of the transistor gate length[5].
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(a)

(b)
Figure 1.3. Prediction of the scaling of (a) transistor EOT and (b) transistor gate length by
ITRS 2013 edition[12].
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Figure 1.4. Band gap versus dielectric constant for various high-k materials[13].
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Figure 1.5. Conduction band and valence band offsets of various high-k materials with
Si[27].
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Figure 1.6. The cross sectional view of the fully depleted (FD) silicon-on-insulator (SOI)
MOSFETs.
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(a)

(b)

Figure 1.7. (a) The structure of FinFETs. (b) Tri-gate technology by Intel where multiple
fins are connected together.
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(a)

(b)

(c)
Figure 1.8. Cross sectional views of the conductive channels of (a) double-gate FinFETs
(b) Tri-gate transistors (c) gate-all-around transistors
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Figure 1.9. Atomic layer deposition of HfO2 using tetrakis(diethylamino)hafnium
(TDMAH) as the precursor and H2O as the oxidant.
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Chapter 2 Fabrication of MOS Capacitors and Improvements
2.1 Introduction
The work in this dissertation focuses on innovations of gate dielectric and dielectric/Si
interface in the Metal-Oxide-Semiconductor (MOS) system, and MOS capacitors were
fabricated and tested to evaluate the innovations.

MOS devices are the component basis for modern integrated circuit technology. The
improvement of performance and stability of the MOS devices enable the tremendous
development of integrated circuits and microprocessors. The actual MOS devices in
integrated

circuits

include

Metal-Oxide-Semiconductor

Field-Effect

Transistors

(MOSFETs), Complementary MOS devices (CMOS), etc. The MOS capacitor is
extensively used in the research of the MOS system because any improvement on the
electrical properties of the MOS capacitor makes the same improvement on the actual MOS
transistors in the integrated circuits[1]. By measuring the MOS capacitor, we can measure
the properties of the gate dielectric, the dielectric/semiconductor interface, the
semiconductor substrate, and the metal gate. In a word, nearly all the electrical properties
of a MOS system could be measured by measuring the MOS capacitor. The electrical
analysis of the MOS capacitor is also simple because thermal equilibrium and onedimensional treatment apply in this situation[1].

In this Chapter, fabrication of the MOS capacitor is illustrated in details. In addition, a wet
etching process for patterning of the metal gate for the MOS capacitor is developed and
evaluated; this process is easy to operate, and the contact between the metal and the gate
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dielectric is improved comparing to that of the previously established lift-off process. The
Si wafers used in our experiments are 2-inch n- and p-type (1 0 0) wafers.

2.2 RCA cleaning
RCA cleaning is a standard set of silicon wafer cleaning steps used in semiconductor
manufacturing which needs to be performed before any crucial steps, especially high
temperature processing steps, such as rapid thermal process (RTP), dopant activation, etc.

RCA cleaning was firstly developed by Werner Kern in 1965, while he was working for
the Radio Corporation of America (RCA)[2]. The purposes of the RCA cleaning, listed
following the sequence of the cleaning steps, are to remove organic contaminants (such as
dust particles, grease or silica gel) on the wafer surface; then remove silicon oxide that may
have built up during the prior steps; finally remove any ionic or heavy metal
contaminants[3]

The RCA cleaning procedures of Si wafers are listed as follow:
Step 1: Removal of grease and other organic contaminants.
(1) Acetone cleaning of Si wafers using ultrasonic machine, 3 minutes.
(2) Isopropyl alcohol (IPA) cleaning of Si wafers using ultrasonic machine, 3 minutes
(3) Thoroughly rinse with deionized water (DI H2O).
Step 2: Removal of native oxide.
(1) Etching Si wafers in a diluted hydrofluoric acid (HF, 49 wt %) solution (DI H2O:
HF=20:1) for 30 seconds.
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Check if the surface of the Si wafer is hydrophobic. Bare Si surface should be
hydrophobic. If the surface is still hydrophilic, there is remaining SiO2, and the
wafer needs to be etched for extended time.
(2) Thoroughly rinse with running DI H2O for at least 30 seconds.
Step 3: Removal of organic contaminants (dust particles, grease or silica gel) and metal
ionic contaminants (Cu, Ag, etc.) using RCA 1 solution (or SC 1 solution).
(1) Cleaning of Si wafers in RCA 1 solution at 75-80°C for 10 minutes.
The composition of RCA 1 solution is: DI H2O: NH4OH (NH3; 29 wt%.) : H2O2
(30 wt%)=5:1:1
(2) Thoroughly rinse with DI H2O.
Step 4: Removal of chemical oxide grown during RCA 1 cleaning.
(1) Etching in diluted HF solution (DI H2O: HF=20:1) for 30 seconds. This time is
enough to remove chemical oxide grown during RCA 1 cleaning.
(2) Thoroughly rinse with running DI H2O for at least 30 seconds.
Step 5: Removal of heavy metal contaminants and alkali ions using RCA 2 solution (or SC
2 solution).
(1) Cleaning of Si wafers in RCA 2 solution at 75-80°C for 10 minutes.
The composition of RCA 1 solution is: DI H2O: HCl (37.9 wt%) : H2O2 (30
wt%)=5:1:1
(2) Thoroughly rinse with DI H2O.
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2.3 Growth of gate dielectric
Before the growth of gate dielectric, any silicon oxide built up during the final step of RCA
cleaning needs to be removed. Diluted buffered oxide etchant (BOE, 6:1 with surfactant)
solution (DI H2O: BOE=80ml: 20ml) was used, and 1 minute etching time is enough to
remove the silicon oxide built up during the RCA 2 cleaning. In this step, BOE solution is
preferred to HF solution because Si surface etched by BOE is smoother.

2.3.1 Thermal growth of SiO2
Various techniques can directly grow or deposit SiO2 films, such as dry thermal oxidation,
wet thermal oxidation, electrochemical anodization, plasma-enhanced chemical vapor
deposition (PECVD) and sputtering. Among all the techniques, dry thermal oxidation
provides SiO2 with the best quality and the lowest interface trap densities. Dry thermal
oxidation is executed in an elevated temperature and an atmosphere containing dry oxygen
(O2) gas.

For single-crystal Si wafers, the Deal-Grove model is widely accepted to predict the growth
of SiO2 during dry thermal oxidation[4]. However, thin oxides (less than 25 nm) grow
much faster than the model predicts.

Growth of ultrathin SiO2 film (around 20 Å) with good quality could be precisely
controlled by dry thermal oxidation using diluted O2. The oxidation furnace with 3-inch
quartz tube is provided by Lindberg Furnace. At 900°C, Si wafer was loaded into the
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middle position of the quartz tube in nitrogen (N2) atmosphere. Then N2 flow rate was set
to 1 liter/minute (L/m), and O2 flow rate was set to 0.2 L/m. O2 was supplied for 20 seconds.
After shutting off the O2 valve, the temperature of the furnace was maintained at 900°C for
another 20 minutes with N2 keep flowing, in order to anneal the just-oxidized SiO2 film.
Then the furnace was naturally cooled-down. The quartz tube was not opened until the
temperature became <400°C, in order to avoid the re-oxidation by the O2 in the air. The
thickness and optical constants (n-refractive index, and k-extinction coefficient) of the SiO2
film was measured using multi-angle spectroscopic ellipsometer (J. A. Woollam Co., M2000V model). The setup of spectroscopic ellipsometry is described in Section 2.8.1. By
following the procedure described above, ~22 Å of SiO2 could be grown.

2.3.2 Atomic layer deposition of SiO2 and HfO2
Atomic layer deposition (ALD) was used to deposit SiO2 and HfO2 as gate dielectrics. The
details of ALD of SiO2 and HfO2 are described in Chapter 4 and Chapter 5.

2.4 Metallization
In the early work of Dr. Chen’s group [5-8], Al was deposited by thermal evaporation
through a shadow mask to make the MOS capacitor metal gate. Post-metallization anneal
(PMA) was needed to decrease interface trap density and make Ohmic contact between Si
and Al. Plus, without PMA, an air gap exists between the Al gate and the SiO2 film, which
decreases the accumulation region capacitance value of the MOS capacitor. However, Al
is known to diffuse through ultrathin oxides (<30Å) at PMA temperatures (~450°C),
causing short-circuit of the MOS capacitor.
33

Ni has excellent thermal stability (low/negligible diffusion through oxides at PMA
temperature). The melting temperature of Ni is high (1455°C), so it can only be deposited
by either e-beam evaporation or sputtering. A reliable thickness of metal gate is ~1000Å.

In the MOS capacitors using SiO2 as the gate dielectric, Ni was used as the gate metal, and
the thickness of Ni was 1100Å. Ni contacts tightly with SiO2, but not with HfO2. In the
MOS capacitors using HfO2 as the gate dielectric, a thin layer of Ti (100Å) was added
between Ni and HfO2, in order to promote the metal/dielectric adhesion.

2.4.1 Electron-beam evaporation
Electron-beam evaporation was used to deposit metal for the gate of the MOS capacitor,
especially gate with multi-layer of metals, because six kind of metal sources can be
installed in our electron-beam evaporation system simultaneously. The tooling factor of
our electron-beam evaporation system was previously characterized. During deposition,
the pressure inside the chamber should be maintained <10-5 torr. The deposition rate must
be controlled in order to grow metal film with good quality as well as prevent overheating
of the substrate.

The desired deposition rates of commonly used metals are listed as follow:
Ni: 0.7~1Å/second
Ti: 0.5Å/second
Al: 1~1.5 Å/second
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2.4.2 Sputtering
Sputtering was used to deposit metal and metal nitride. We needed to calculate the tooling
factor of each kind of material first: a clean Si wafer was loaded into the sputtering chamber,
and half of it was covered by a slice of glass. After deposition, a “step” structure would be
formed. Profilometer (Digital Instruments Veeco Metrology Group, Dektak 6m model) was
used to measure the physical thickness of the “step”. The tooling factor of this material
should be calculated as:

Tooling factor = profilometer measured thickness / quartz crystal sensor measured
thickness.

During the sputtering process, the pressure inside the chamber should be controlled to < 5
mtorr, in order to get thin films with good quality. This consequently puts a limitation on
the deposition rate. The desired deposition rates and the corresponding sputtering
parameters of commonly used materials are listed in table 2.1.

2.5 Patterning of metal gate
The pattern of the metal gate is circle and the diameter is 100 µm. Our group reported the
fabrication of the metal gate using bi-layer-photoresist lithography and lift-off process[9,
10]. However, organic contamination exists between the metal gate and the dielectric. A
wet etching process was developed, which is easy to operate, and provides reliable contact
between the metal gate and the dielectric.
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2.5.1 Previously established lift-off process
The bi-layer-photoresist lithography and lift-off process is shown in figure 2.1, and it is
also described as follow:

Step 1: Spin coating of positive photoresist (Shipley 1813, Microchem) and negative
photoresist (SU-8 2001, Microchem). The spin speed of S1813 is 2000 rpm, the resulting
thickness is ~1.5 µm. The spin speed of SU-8 is 3000 rpm, the resulting thickness is ~1.2
µm. Pre-bake is needed for both of the photoresists.

Step 2: Exposure of the bi-layer photoresists using a contact mask aligner (Karl Suss MJB
3). Exposed photoresists are developed by SU-8 developer (Microchem). The SU-8
developer contains 98% 1-Methoxy-2-propyl acetate (C6H12O3), which is also a solvent for
both exposed and non-exposed S1813. When the developer contacts with S1813, it starts
to dissolve S1813 both laterally and vertically. Thus, an undercut structure would be
formed after the development. A SEM (scanning electron microscope) image of the
undercut structure is shown in figure 2.2.

Step 3: Gate metal is deposited using electron-beam evaporation or sputtering.
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Step 4: Lift-off of the un-wanted metal using Remover PG (Microchem) at 100°C, forming
the desired metal gate. The undercut structure of the photoresists makes the lift-off easy to
happen, and it also enables sharp metal edge. Increasing the temperature would accelerate
the removal of the photoresists. Ultrasonic cleaner could be used to help remove the
photoresists and the un-wanted metal if it is needed.

The bi-layer photoresist and lift-off process is easy to operate. Only organic solutions are
used in the process, which does not harm the ultrathin dielectric layer at all. However,
organic contamination from the photoresist always exists. In the SEM image shown in
figure 2.2, organic contamination is left on the Si substrate after development. The
contamination frequently causes peeling-off of the metal gate. Even in the samples which
did not show peeling-off, the electrical properties of the MOS capacitors would be harmed.

2.5.2 Wet etching process
Efforts have been devoted to develop a metallization first-etching process to make the gate
pattern, in order to avoid the organic contamination between the metal gate and the
dielectric. After the growth of oxide, Ni was deposited using electron-beam evaporation or
sputtering, following by photolithography to make the gate pattern. Then the metal
uncovered by the photoresist is going to be etched away in certain solution. Several
solutions have been reported as etchants for Ni, such as a mixture of HCl and HNO3, or a
mixture of HF and HNO3[11]. However, these solutions are acidic and would damage the
oxide layer. Iron chloride (FeCl3) solution is an appealing candidate for the etching process,
because it etches Ni, meanwhile does not attack oxide[12, 13].
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The wet etching process is shown in figure 2.3, and it is also described as follow:

Step 1: Spin coating of positive photoresist (Shipley 1813, Microchem). The spin speed is
2000 rpm.

Step 2: Exposure of photoresist using a contact mask aligner. Exposed photoresist is
developed by MF-319 developer (Microchem). The photoresist is going to act as an etching
mask.

Step 3: Removal of the native nickel oxide (NixOy) which is formed by O2 in the air. The
etchant is diluted HCl solution (DI H2O: HCl=100ml: 50ml), the etching time is 1 minute.
In this step, no phenomenon is observable.

Step 4: Removal of Ni using FeCl3 solution. The concentration of the solution is: 150ml
DI H2O: 1g FeCl3. The etching time is 2-3 minutes. In this step, we can easily observe the
dissolution of Ni.

Step 5: Removal of the photoresist using Remover PG at 100°C for 10 minutes.
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Test has been done to prove the FeCl3 solution does not change the ultrathin SiO2 dielectric.
Thermal SiO2 was grown on 2 pieces of Si wafers, and the thicknesses of the SiO2 thin
films were measured using multi-angle spectroscopy ellipsometry (SE). On each Si wafer,
2 measuring points were chosen. Then the 2 wafers were etched in the FeCl3 solution for 6
minutes. The thicknesses of the SiO2 thin films after etching were also measured by SE.
All the SE results are listed in table 2.2. There is no obvious increase or decrease of the
SiO2 thickness after etching. The etching time in the test (6 minutes) is longer than the
etching time in the actual process (2-3 minutes), so we believe the etching process does not
bring any harm to the SiO2 dielectric in the actual MOS devices.

Native nickel oxide exists on the surface of Ni, and it must be removed before etching Ni.
If not, the NixOy will block the Ni from the FeCl3 solution, and cause failure of forming
the metal gate pattern. In figure 2.4 (a), the NixOy is not removed. The metal gate area is
covered by photoresist, and the un-covered Ni area could not be removed by FeCl3 solution.
Using ultrasonic cleaner does not promote the etching of Ni, but only causes the peelingoff of the Ni sheet. In figure 2.4 (b), the concentration of the FeCl3 solution is increased.
The solution can penetrate through the NixOy layer and etch Ni, but serious undercut of the
Ni gate happens even when there is still Ni residual in the un-covered area. Figure 2.5 is
the image of the Ni gate pattern, in which NixOy was removed first. The shape of the Ni
gate is perfect, and the edge is sharp.

MOS capacitors using thermal SiO2 grown at 900°C as the gate dielectric were fabricated,
in order to compare the effects of the gate patterning methods on the electrical properties
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of devices. High frequency (100 KHz) Capacitance Density-Voltage (C-V) and Current
Density-Voltage (J-V) curves of the MOS capacitors fabricated using both lift-off and wet
etching processes were measured, and the results are shown in figure 2.6 and 2.7. The
electrical characterization will be discussed in details in Section 2.8.2. The equivalent oxide
thicknesses (EOTs) and flatband voltages (VFB) of the MOS capacitors were extracted from
the C-V curves by using UC Berkeley’s quantum-mechanical C-V simulator. The MOS
capacitor characterized in figure 2.6 was fabricated using the lift-off process, the physical
thickness of the thermal SiO2 measured by SE is 2.23nm, and the EOT is 2.24nm. The
MOS capacitor characterized in figure 2.7 was fabricated using the wet etching process.
The physical thickness of the thermal SiO2 is 2.22nm, which is comparable to the one in
figure 2.6, but the EOT is 1.97nm, which is 0.27nm thinner than the one in figure 2.6. The
gate leakage current densities of the MOS capacitors at Vg=VFB+1V are in the same order
of magnitude (0.65 A/cm2 and 0.48 A/cm2). The shrink of the EOT is attributed to the
improved contact between the Ni gate and the SiO2 dielectric. It also implies the organic
contamination between the Ni gate and the SiO2 introduced by the lift-off process would
harm the electrical properties of the device.

In the MOS capacitors using HfO2 as the gate dielectric, a thin layer (100Å) of Ti was
added. The etchant for Ti is diluted HF solution (HF: DI H2O=5ml: 100ml), and the etching
time is 30-45 seconds.
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2.6 Back-side contact
Al (1000Å) is deposited onto the back-side of the sample to make the metal contact. Before
the deposition, the front-side of the sample is protected by hard baked S1813 (baked at
140°C for 3 minutes), and the sample is etched in pure BOE solution to remove the native
silicon oxide on the back-side.

2.7 Annealing
The purpose of annealing is to create an Ohmic contact between Al and the bulk Si, and
also passivate the defects in the dielectric layer. Annealing is executed in the annealing
furnace with a 3-inch quartz tube (Lindberg Furnace) at 450°C in forming gas at the
pressure of 1 atmosphere. The flow rate of N2 is 2 L/min, and the flow rate of H2 is 0.2
L/min

2.8 Characterization
2.8.1 Multi-angle spectroscopic Ellipsometry
The thickness and optical constants (n-refractive index, and k-extinction coefficient) of the
dielectric films could be measured using a multi-angle spectroscopic ellipsometer (J. A.
Woollam Co., M-2000V model). The measuring angle range was 45°C to 75°C, and the
measuring step was 5°C. The Revs/meas was set to 50, which means 50 times of
measurement were taken at each measuring angle, and the average was accepted as the
measurement result. The mean squared errors (MSEs) of the measurements in this
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dissertation are around 5 or less, indicating good fittings between the experimental data
and the models.

2.8.2 Electrical characterization
The Capacitance Density-Voltage (C-V) curve of the MOS capacitor is measured using a
HP 4284A precision LCR meter. The equipment is able to measure the C-V curve at
frequencies from 1 K to 1 MHz. The Current Density-Voltage (J-V) curve of the MOS
capacitor is measured using an Agilent 4155B semiconductor parameter analyzer.

The EOT and the flatband voltage of the MOS capacitor are extracted from the C-V curve
using the UC Berkeley Quantum-Mechanical Simulator (taking quantum correction into
consideration). The ideal C-V curve is simulated and used to fit the experimental C-V curve.
The gate current density of the MOS capacitor is evaluated at the gate voltage VG=VFB+1V.

2.9 Summary
MOS capacitors were fabricated and tested to evaluate the quality of the gate dielectric and
the dielectric/Si interface. The details of the fabrication has been elucidated. A wet etching
process was developed to make the metal gate. Comparing to the lift-off process, this newly
developed wet etching process is easier to operate. Simultaneously, no organic
contamination exists between the metal gate and the dielectric, resulting a reliable physical
contact and reduced EOT of the device.
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Table 2.1. The desired deposition rates and the corresponding sputtering parameters of
commonly used materials.
Material

Power

Gas

Flow rate

Deposition rate

Ni

100 W

Ar

15 sccm

1-2 Å/sec

Hf

60 W

Ar

15 sccm

0.7-1.6 Å/sec

Au

30 W

Ar

15 sccm

~1.0 Å/sec

Ti

150 W

Ar

15 sccm

1-1.8 Å/sec

TiN

200 W

N2

15 sccm

~0.5 Å/sec
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Table 2.2. Silicon oxide thickness before and after etching in FeCl3 solution for 6 minutes
etching. The Mean Squared Error (MSE) of the spectroscopic ellipsometry measurement
is <5.

Thickness before etching

Thickness after etching

Wafer 1 point 1

27.55 Å

26.56 Å

Wafer 1 point 2

27.81 Å

27.07 Å

Wafer 2 point 1

102.18 Å

101.26 Å

Wafer 2 point 2

103.59 Å

103.11 Å
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Figure 2.1. The bi-layer-photoresist lithography and lift-off process for making metal gate.

45

Figure 2.2. The SEM image of the undercut structure.
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Figure 2.3. The wet etching process for making gate of MOS capacitors using Ni.

47

Figure 2.4. (a) Peeling-off of Ni after etching using FeCl3 solution in ultrasonic cleaner. (b)
Undercut of Ni gate after etching in FeCl3 solution with higher concentration.
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Figure 2.5. Ni gate of MOS capacitors fabricated using wet etching process.
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Figure 2.6. (a) High frequency (100 KHz) Capacitance Density-Voltage (C-V) curve and
(b) Current Density-Voltage (J-V) curve of a MOS capacitor using thermal SiO2 as the
gate dielectric. Lift-off process was used to make Ni gate. The physical thickness of SiO2
thin film was 2.23nm, and the EOT was 2.24nm.
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Figure 2.7. (a) High frequency (100 KHz) Capacitance Density-Voltage (C-V) curve and
(b) Current Density-Voltage (J-V) curve of a MOS capacitor using thermal SiO2 as the
gate dielectric. Wet etching process was used to make Ni gate. The physical thickness of
SiO2 thin film was 2.22nm, and the EOT was 1.97nm.
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Chapter 3 Tunneling Current Reduction by Lateral Heating Treatment
3.1 Introduction
Although metal oxides with high dielectric constant (high-k materials) have become the
mainstream gate oxide in the complementary-metal-oxide-semiconductor (CMOS)
technology, silicon oxide is still unavoidable in MOS devices. Unlike the flawless interface
between Si and thermally grown SiO2, direct deposition of high-k materials on bare Si
surface results in high density of interface trap charges and defects, and a SiO2-based
interfacial layer is necessary to improve the interfacial quality. Among various techniques
which could be used to deposit high-k materials, atomic layer deposition (ALD) is
preferable because of its self-limiting surface reaction. The thickness and the stoichiometry
of the high-k dielectric thin films grown by ALD are precisely controlled, and the
uniformity of the films is desirable [1-3]. ALD of high-k dielectric materials on bare Si
surface without any oxide will be interrupted by nucleation barrier, resulting growth
incubation period and additional gate oxide leakage current[4, 5]. A SiO2-based interfacial
layer is necessary for ALD of high-k gate oxide. The essentiality of the interfacial layer in
ALD of high-k gate oxide is extensively discussed in Chapter 5. Thus, improvement of the
SiO2 film and the Si/SiO2 interfacial quality is important.

In this chapter, ultrathin SiO2 film was thermally grown. Using a lateral heating treatment
of the ultrathin SiO2 film, the gate leakage current of the SiO2 based MOS capacitors is
reduced by 4-5 orders of magnitude, and the underlying mechanism is investigated. In
Chapter 7, the SiO2 film which went through the regular rapid thermal process (RTP) (not
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the lateral heating treatment) is controllably etched by diluted hydrofluoric acid (HF)
solution, and the etched SiO2 film is used as an interfacial layer for ALD of HfO2.

3.2 Setup of the Rapid Thermal Process (RTP) system
The lateral heating treatment was executed in a Rapid Thermal Processing (RTP) system
(RTP-600S) from Modular Process Technology Corp. RTP is a standard semiconductor
manufacturing process, and it is commonly used for semiconductor processing techniques
such as rapid thermal oxidation, dopant activation, rapid thermal annealing, etc. In our RTP
system, samples are held in a quartz chamber. The energy source is the light radiation from
two banks of linear tungsten-halogen lamps. One bank of the lamps is located on top of the
quartz chamber, and the other bank is located below the quartz chamber. The temperature
is controlled by a close-loop pyrometer controller, and each new control file needs to be
calibrated using a high temperature thermocouple (type K). The flow rates of the gases in
the chamber are controlled by the built-in mass-flow-controllers (MFC).

The processing gas used in RTP is helium (He) or nitrogen (N2), which are inactive with
Si at elevated temperature. The temperature trails of the RTP using both processing gases
were monitored by a thermocouple, and it was found that He cools down the quartz
chamber faster than N2 does. Before the increase of the temperature, the chamber is purged
by a large flow of He or N2 (flow rate = 20 liter/minute), in order to get rid of the air
residual. The temperature in the chamber ramps up at a rate of 10°C/second, until it reaches
the

desired

processing

temperature

(1000°C-1100°C).
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SiO2

decomposes

at

temperature >1000°C[6], so trace O2 is needed in the processing gas in order to prevent the
decomposition of the ultrathin SiO2 film. The common concentration range of the trace O2
is 200-500 parts-per-million (ppm). After a certain period of time (from several seconds to
a few minutes), the lamps are shut down, and the chamber starts to cool down. At this step,
the large flow of purging gas is turned on again. Compressed air and chilled water flow
around the quartz chamber in the whole process, in order to prevent the equipment from
being overheated, and to help the chamber to cool down. It takes about 5 minutes for the
temperature inside the chamber to decrease from ~1100°C to below 100°C.

The gas route of the RTP system is displayed in figure 3.1. He or N2 is split into two paths,
one is the purging gas, which goes directly into the RTP system, and is controlled by a
built-in MFC (not shown in the figure); the other one is the processing gas, and is controlled
by the flow meter 1. The flow rate of the flow meter 1 is set to 1.5 L/min. O2 is controlled
by the flow meter 2, and the flow rate of the flow meter 2 is adjustable, in order to get the
desired trace O2 concentration of the mixed gas. The mixed gas flows into the RTP chamber,
and is controlled by another built-in MFC (not shown in the figure). Compressed air flows
around the quartz chamber to cool down the chamber and the equipment.

The temperature inside the quartz chamber is above 1000°C during the RTP. At this
temperature, Si will be easily oxidized by the trace O2 and trace moisture in the processing
gas. Thus, the concentrations of O2 and moisture in the processing gas must be precisely
monitored. The concentration of O2 is measured using a trace O2 analyzer (Alpha Omega

54

Series 3000) with a measurement range of 1-10000 ppm, and the concentration of moisture
is measured using a dew point meter (JLC International Shaw Inline Dew Point Meter).

The processing gas could be monitored either at the gas entrance or at the gas exhaust port
of the RTP chamber, controlled by valve 1 and valve 2. Valve 1 is an on-off valve, and
vale 2 is a 3-way valve. When valve 1 is opened and valve 2 is closed, a bypass of the
processing gas flows through the trace O2 analyzer and the dew point meter. The flow rate
of O2 is adjusted according to the measurement result of the trace O2 analyzer, until the
desired O2 concentration is achieved. When valve 1 is closed and valve 2 is switched to the
trace O2 analyzer, the exhaust gas flows through the trace O2 analyzer and the dew point
meter before it enters into the atmosphere. Ideally, if the seal of the RTP chamber is perfect,
the O2 and moisture concentrations of the processing gas measured at the gas entrance and
at the gas exhaust port of the RTP chamber should be the same. If the quartz chamber has
a gas leakage, the O2 and moisture concentrations measured at the gas exhaust port would
be increased. Thus, by monitoring the exhaust gas, we can get an alarm when there is gas
leakage in the chamber.

Before running a RTP file, both valve 1 and valve 2 are closed. All processing gas goes
into the quartz chamber, in order to form a stable gas ambience.
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3.3 Lateral heating treatment
In order to realize the lateral heating treatment of the Si wafer using the RTP system, a
“sandwich” structure was designed. The top view and the side view of the structure are
shown in figure 3.2. A 4 inch Si wafer is used as the substrate holder. A quarter of a 2 inch
Si wafer is used to support the sample, and is named as the Si supporter 1. The Si sample
is cut into a rectangle, which is much smaller than the substrate holder. The sample is
mounted onto the Si supporter 1, and the location is adjusted so that the edge area of the Si
sample is hanged up. The hanging area is a rectangle, the length and width of which are
roughly controlled. A piece of long and narrow rectangular Si is mounted onto the middle
area of the sample, in order to support the radiation blocker, and is names as the Si
supporter 2. The radiation blocker is also a piece of Si with rectangular shape, which is
slightly larger than the sample. The radiation blocker is mounted onto the Si supporter 2,
and the location is adjusted so that it thoroughly covers the sample.

In this structure, the sample is completely isolated from the light radiation, and heat
transfers between the directly contacted Si wafers. The generation of heat is dependent on
the area exposed to the light. The exposed area of the substrate holder is much larger than
other components in the structure, so most heat is generated in the substrate holder, and the
temperature of the substrate holder is the highest. No heat is generated in the sample by the
light radiation, and heat flows from the substrate holder through the Si supporter 1 to the
sample. The heat flows laterally in the sample from the contact area to the hanging edge
area. A part of the heat also flows from the sample through the Si supporter 2 to the
radiation blocker. Since the Si supporter 2 is narrow, only a small amount of heat is
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transferred to the radiation blocker. Temperatures of several components of the sandwich
structure were measured by a high temperature TC, and it was found that when the
temperature of the substrate holder is 1090°C, the temperature of the sample is 1050°C,
and the temperature of the radiation blocker is 1030°C. The lateral heat flow in the sample
is drawn in figure 3.2 (b).

Using the sandwich structure, heat flows laterally from the contact area to the hanging edge
area in the Si sample. Material structure changes after the lateral heating treatment, and
will be discussed in the section 3.5.

3.4 Experimental
Ultrathin SiO2 film was thermally grown on a 2 inch Phosphorus doped n type Si (100)
wafer with a resistivity of 1-20 Ω cm. The oxidation was executed in diluted O2 (N2: O2=5:
1) at 900°C for 20 seconds, followed by a post-oxidation annealing for 20 minutes. The
details of the oxidation process is described in Section 2.3. The physical thickness of the
ultrathin SiO2 film was ~2.3 nm (measured by multi-angle spectroscopic ellipsometry).
The wafer was then cut into two parts, one part was cut into a rectangle and was processed
using the lateral heating treatment, and the other part was used as the control sample. The
processing gas was He with trace O2. The trace O2 concentration of the processing gas was
195 ppm, and the dew point was -54.2°C. The temperature of the RTP quartz chamber was
increased to 1060°C at a rate of 10°C/second, then held at 1060°C for 10 seconds.
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MOS capacitors were fabricated to electrically characterize the Si/SiO2 material structure
change after the lateral heating process. 1000 Å of Nickel (Ni) was deposited as gate metal
by electron-beam evaporation. The gate was patterned using photolithography and lift-off.
The details of this process were described in Chapter 2. The gate patterns were circles and
the diameter was 100μm. Back contact was made by 1000 Å aluminum (Al), which was
also deposited by electron-beam evaporation. The sample was annealed at 450⁰C in
forming gas for 30 minutes, which created an Ohmic contact between Al and the bulk Si,
and also passivated the defects in the SiO2 layer.

The capacitance density-voltage (C-V) curves of the MOS capacitors were measured using
an Agilent 4284A LCR meter at 100 KHz, and the current density-voltage (J-V) curves
were measured using an Agilent 4155B semiconductor parameter analyzer. Equivalent
Oxide Thickness (EOT) and flatband voltage (VFB) were extracted from the C-V curves by
UC Berkeley’s quantum-mechanical C-V simulator.

3.5 Results and discussion
3.5.1 Gate leakage current reduction after lateral heating treatment
After lateral heating treatment, the thickness of the ultrathin SiO2 film were measured by
multi-angle spectroscopic ellipsometry. The physical thicknesses of the SiO2 in the hanging
edge area and the contact area are 23.86 Å and 23.88 Å (measured by multi-angle
spectroscopic ellipsometry, MSE<5). Comparing to the physical thickness of the SiO2
before lateral heating treatment (~23Å), the regrowth of the SiO2 is negligible. This is
attributed to the low concentrations of trace O2 and moisture in the processing gas.
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High frequency (100 KHz) Capacitance density-Voltage (C-V) curves and Current densityVoltage (J-V) curves of the MOS capacitors are displayed in figure 3.3 (a) and (b). Three
capacitors were measured from the control sample (the red curves in the figures), one
capacitor was measured from the contact boundary in the lateral heating treatment (LHT)
sample (the green curves in the figures), and three capacitors were measured from the
hanging edge area in the lateral heating treatment sample (the blue curves in the figures).
They are the representatives of 10-20 measured capacitors from each location. The
simulated EOTs and VFBs are marked in figure 3.3 (a), and are also listed in table 3.1 to
compare. The gate leakage current densities of the capacitors are evaluated at VG=VFB+1V,
and are listed in table 3.1.

When the thickness of SiO2 is < 3 nm, the gate leakage current is mainly direct tunneling
current. The direct tunneling current depends exponentially on SiO2 thickness, every 0.2
nm thickness increase corresponds to 1 order of magnitude tunneling leakage current
reduction. The EOTs of the three MOS capacitors from the control sample are 2.34 nm,
2.29 nm and 2.22 nm, the corresponding gate leakage current densities at VG=VFB+1V are
1.06 A/cm2, 0.13 A/cm2 and 0.13 A/cm2. The gate leakage currents match well with the
reported gate leakage current of thermally grown SiO2 [7-9]. The EOT of the MOS
capacitor from the contact boundary in the lateral heating treatment sample is 2.33 nm,
which is comparable to the thickest EOT of the control sample (2.34 nm) and ~0.1 nm
thicker than the thinnest EOT of the control sample (2.22 nm). The corresponding gate
leakage current density is 1×10-2 A/cm2. Even if we take the 0.1 nm thicker EOT into
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consideration, the gate leakage current density is still 1 order of magnitude lower than those
of the control sample. The EOTs of the MOS capacitors from the hanging edge area in the
lateral heating treatment sample are 2.24 nm, 2.32 nm and 2.37 nm, which are comparable
to the EOTs of the control sample. The corresponding gate leakage current densities are
3.7×10-6 A/cm2, 1×10-6 A/cm2 and 1.2×10-6 A/cm2, which are 4-5 orders of magnitude
lower than those of the control sample. Since the effect of the increased EOT has been
excluded, the reduction of the gate leakage current is attributed to the lateral heating
treatment.

The most remarkable phenomenon is that, there is a strong correlation between the flatband
voltage (VFB) shift and the direct tunneling leakage current reduction. The average VFBs of
the MOS capacitors from the control sample, the contact boundary in the lateral heating
treatment sample, and the hanging edge area in the lateral heating treatment sample are
~0.7 volts, 0.38 volts and ~0.2 volts. The VFB shifts towards the negative direction after the
lateral heating treatment, the largest VFB shift appears in the hanging edge area, and the
corresponding leakage current reduction in this area is also the most significant. Effort has
been devoted to explore the underlying mechanism of the VFB shift and the corresponding
tunneling leakage current reduction.

3.5.2 Analysis of flatband voltage (VFB) shift
The flatband voltage of MOS capacitors is described by the following equation[10]:

V FB = Φ MS −

Qit
1
−
C ox C ox
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∫

Tox

0

x
ρ ( x)dx
Tox

(3.1)

where qΦMS = qΦM - qΦS is the work function difference between the gate metal (Ni in our

experiments) and the substrate material (Si); Qit is the interface trap charge density; Cox is
the gate oxide capacitance density; Tox is the gate oxide physical thickness; and ρ(x) is the
gate oxide charge density, which is distributed along the gate oxide thickness. There are
five independent variables in this equation which have influence on the VFB: ΦM, ΦS, Qit,
Cox (or Tox) and ρ(x). They are going to be discussed individually.

The gate metal is deposited after the lateral heating treatment, so the metal work function
(qΦM) of the lateral heating treatment sample should be the same with that of the control
sample. The VFB shift is not caused by the change of the qΦM.

As discussed above, the physical thicknesses and EOTs of the control sample and the lateral
heating treatment sample are comparable, indicating the Cox of both samples are also
comparable. The large VFB shift (0.5 V) in the hanging edge area could not be attributed to
the change of the Cox (or Tox).

The gate oxide charge density (ρ(x)) could be changed by contamination, and the oxygen
vacancies repairing by the trace O2 during the lateral heating treatment. Is it possible that
additional contamination was introduced into the sample during the lateral heating process?
Referring to table 3.1, the VFB shift is large in the hanging edge area (from 0.7 V to 0.2 V),
but is smaller in the contact boundary area (from 0.7 V to 0.38 V). If there is additional
contamination during the lateral heating treatment, it should be spread all over the sample
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by the high temperature, and the amplitudes of the VFB shifts in different area of the sample
should be the same. The non-uniform VFB shift indicates the sample is not contaminated
by the lateral heating treatment. Is it possible that the VFB shift is caused by the repair of
the oxygen vacancies? The oxygen vacancies are positive charges in SiO2. When they are
repaired, the positive charges in the SiO2 is reduced, and according to equation 3.1, the VFB
should be shifted towards the positive direction. However, this is opposite to the
experiment results, where the VFB shifts towards the negative direction. Based on the
analysis above, the VFB shift is not caused by the change of the ρ(x).

The common interface trap density Nit of the thermal SiO2-Si interface is ~2×1010/cm2 [1113], and the corresponding interface trap charge density Qit=qNit is ~3.2×10-9C/cm2. The
shift of the VFB caused by the change of the Qit is described as

∆VFBit = −

∆Qit
C ox

(3.2)

As displayed in figure 3.3 (a), the average Cox of the MOS capacitors in the hanging edge
area is ~1.25×10-6 F/cm2. If the 0.5 V ΔVFB in the hanging edge area is caused by the
change of the Qit, the corresponding ΔQit would be 6.25×10-7C/cm2, which is more than 2
orders of magnitude higher than the original Qit of the control sample. If this is the actual
situation, the C-V curve would be deformed by the large amount of the interface traps.
However, the C-V curves in figure 3.3 (a) are in good shape. No apparent difference of CV curves was observed between the lateral heating treatment sample and the control sample,
indicating their comparable interfacial qualities. This result suggests that the change of the
Qit is not the reason for the VFB shift.
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There is only one possible reason left for the VFB shift, which is the change of the Si work
function (ΦS). The Si structure must have been changed after the lateral heating treatment,
and the Si work function have been correspondingly modified. During thermal oxidation,
a transition layer of SiO2 exists at the Si-SiO2 interface. The large volume expansion of the
SiO2 in the transition layer introduces tensile stress to the Si, and compressive stress to the
SiO2 [14-16]. The Si lattice at the interface is distorted by the tensile stress, and the
thickness of the distorted Si layer could be more than 2 nm[17]. In the conventional
oxidation using the furnace, most of the stress might be released by the slow heating up
and cooling down processes, while in the lateral heating treatment using the RTP, most of
the stress might be preserved by the rapid heating up and cooling down processes. The
appealing electrical properties of the lateral heating treatment sample indicates that a
strained Si layer with tensile stress might be formed at the Si-SiO2 interface, and the
corresponding work function ΦS is modified.

3.5.3 Underlying mechanism of the gate leakage current reduction
The mechanism of the transportation of electrons across the ultrathin dielectric can be
classified into two categories: (1) Fowler-Nordheim (FN) tunneling, in which the electrons
tunnel through a triangular potential barrier into the conduction band of the gate oxide; (2)
direct tunneling, in which the electrons tunnel through a trapezoidal potential barrier into
the metal gate[18-21]. The energy band diagrams of the two tunneling mechanisms are
drawn in figure 3.4[22]. For each mechanism, the tunneling probability of an electron is
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dependent on the thickness of the oxide and the potential barrier height. For SiO2 films <
0.3 nm, the electrons tunneling mechanism is mainly the direct tunneling.

It was inferred in Section 3.5.2 that the change of the Si work function (ΦS) is the reason
for the VFB shift. Based on equation 3.1, the VFB shift could be described by
∆𝑉𝑉𝐹𝐹𝐹𝐹 = −ΔΦ𝑆𝑆

(3.3)

The VFB shifts towards the negative direction, so the ΦS must have been increased. The
energy band diagram of the MOS capacitor is displayed in figure 3.5, and the scales of the
modified energy band at the Si-SiO2 interface are marked out in red color. As discussed in
Section 3.5.2, only the Si structure near the Si-SiO2 interface is changed. If the ΦS at the
Si-SiO2 interface is increased, the conduction band Ec of the Si must have been decreased.
In order to investigate the effect of the lateral heating treatment on the valence band Ev of
the Si, p-type Si based MOS capacitors were fabricated and studied in our group[23]. No
VFB shift was observed in the C-V curves of the p-type Si based MOS capacitors, indicating
an unaltered valence band Ev.

Based on the analysis above, the underlying mechanism of the gate leakage current
reduction is revealed: after the lateral heating treatment, a strained Si layer with tensile
stress is formed at the Si-SiO2 interface. The conduction band Ec of the strained Si layer is
decreased, and the valence band Ev is unaltered. Comparing to the bulk Si, the energy band
gap of the strained Si layer is narrower. The potential barrier height between the interfacial
Si and the SiO2 is increased, resulting the direct tunneling current reduction.
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3.6 Conclusion
Using a lateral heating treatment of the thermally grown ultrathin SiO2 film, a thin layer of
strained Si is formed at the Si-SiO2 interface, the potential barrier height between the
strained Si and the SiO2 is increased, and the gate leakage current of the corresponding
MOS capacitors is reduced by 4-5 orders of magnitude.
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Table 3.1. Comparison of electrical properties of MOS capacitors from the control sample,
the contact boundary in the lateral heating treatment sample, and the hanging edge area in
the lateral heating treatment sample.

Capacitors location

Control sample

LHT sample
contact boundary

LHT sample
hanging edge area

Capacitors
number

EOT (nm)

VFB (V)

JG@VFB+1V (A/cm2)

1

2.34

0.65

1.06

2

2.29

0.68

0.13

3

2.22

0.71

0.13

1

2.33

0.38

1×10-2

1

2.24

0.19

3.7×10-6

2

2.32

0.2

1×10-6

3

2.37

0.22

1.2×10-6
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Figure 3.1. Gas route of the RTP system. O2 analyzer and dew point meter are connected
to control the trace O2 concentration and the humidity in the processing gas.
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Figure 3.2. (a) The top view and (b) the side view of the sandwich structure for lateral
heating treatment.
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Fig 3.3. (a) High frequency (100 KHz) Capacitance density-Voltage (C-V) curves and (b)
Current density-Voltage (J-V) curves of MOS capacitors with and without lateral heating
treatment. 3 capacitors were measured from the control sample, 1 capacitors were
measured from the lateral heating treatment sample near the contact area, and 3 capacitors
were measured from the lateral heating treatment sample hanging edge area. They are the
representatives of 10-20 measured capacitors from each location.
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Figure 3.4. Tunneling mechanisms of electrons across the ultrathin SiO2 film on an n-type
Si substrate. (a) Fowler-Nordheim (FN) tunneling. (b) Direct tunneling.
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Figure 3.5. The energy band diagram of an N-type Ni-gate MOS capacitor before and after
the lateral heating treatment. A thin strained Si layer is formed at the Si-SiO2 interface after
the lateral heating treatment.
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Chapter 4 High-quality Thin SiO2 Films Grown by Atomic Layer
Deposition
4.1 Introduction
Silicon dioxide is widely used for optical and electronic applications. For example, SiO2
as gate insulator has been the foundation for the success of integrated circuits in the past
decades. Nowadays, oxides with high dielectric constant (high-k) are becoming the
mainstream insulators in MOS devices, while SiO2 is still needed as an interfacial layer
between high-k materials and Si substrate in order to obtain superior electrical properties
between high-k oxides and silicon [1]. The highest quality SiO2 is formed by thermal
oxidation of silicon at temperatures over 800⁰C in dry O2[2]. The quality of ultrathin
thermal oxide grown and processed at high temperature has been extensively investigated
in Chapter 3. However, thermal oxide can only be grown on silicon substrates at high
temperatures, which limits its applications. For examples, thin-film MOS transistors used
for flat-panel displays need gate insulators deposited on thin-film materials; various sensor
structures and microelectromechanical systems (MEMS) need high-quality SiO2 film
deposited on different substrates other than silicon. Enormous applications can be found if
high-quality conformal SiO2 film can be deposited on non-silicon substrates, e.g. substrates
with high aspect-ratio pores and nanostructures. The applications include physical,
chemical and biomedical sensors, various MEMS devices, and nanoelectronic devices.

Various techniques have been developed to directly deposit SiO2 on substrates such as
Plasma Enhanced Chemical Vapor Deposition (PECVD), E-beam evaporation, and
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Sputtering. However, none of them can produce SiO2 with quality close to thermal oxide[35]. These SiO2 films are non-stoichiometric with poor quality, exhibit low breakdown
fields and many defects. Furthermore, using the above methods one cannot deposit
conformal SiO2 in high-aspect-ratio pores and nanostructures. It is, therefore, very
important to find an approach to deposit high-quality conformal SiO2 films on different
substrates and on high aspect-ratio pores and nanostructures.
Atomic layer deposition (ALD) can circumvent these problems because the material is
deposited one atomic layer at a time [6-8] through self-limiting surface reactions. Despite
its importance, SiO2 ALD has been difficult to achieve, because silicon does not react with
water at a low temperature. In the early stage of ALD studies, catalysts[9] or external
energy such as plasma[10] was unavoidable in order to activate the SiO2 reaction. In the
processes, H2O and H2O2 served as oxidant. However, H2O does not oxidize the silicon
precursors effectively and H2O2 is corrosive[11]. Recently, ozone was introduced into the
reaction process as the oxidant, which is more effective for oxidation of silicon precursors
in ALD deposition of SiO2. Various silanes with different molecular structures, which
serve as silicon precursors, were studied for the effectiveness of oxidation, such as
alkoxysilanes[9], chlorosilanes[12] and aminosilanes[13-16]. Recently, a self-catalytic 3steps ALD of SiO2 using 3-aminopropyltriethoxysilane (APTES), water and ozone was
reported[17]. The detailed optical, structural and electrical properties were investigated[18].
It also was reported[19] that TDMAS (tris(dimethylamino)silane [(CH3)2N]3SiH), water,
and ozone could be used as precursors to grow SiO2 at low temperatures. In the published
researches, there is rare work on thin ALD SiO2 films under 100 cycles (<5nm). In addition,
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most publications dealt with ALD growth and only limited information is available on
electrical properties.

In this chapter, we study extensively the physical and electrical properties of thin ALD
SiO2

films

under

100

cycles

deposited

on

silicon

substrates

using

Tris(dimethylamino)silane (TDMAS) and ozone at 100⁰C, 200⁰C and 300⁰C. We studied
the physical and electrical properties of SiO2 thin films using ellipsometry measurement of
SiO2 films and electrical measurement of the metal-oxide-semiconductor capacitors.

4.2 Experimental
Thin SiO2 films were grown by atomic layer deposition (ALD) (Cambridge NanoTech Inc).
Tris(dimethylamino)silane (TDMAS) and ozone were chosen as precursors, while ozone
was provided by an ozone generator (A2Z Ozone Inc.). TDMAS was heated up to 40⁰C to
have enough vapor pressure to introduce TDMAS to the reaction chamber. The carrier gas
was nitrogen at a flow rate of 10 sccm (standard cubic centimeters per minute). SiO2 was
deposited at 100⁰C, 200⁰C and 300⁰C. Both the substrate susceptor and the wall of the
chamber were heated in order to obtain a uniform temperature inside the entire chamber.
The pulse time was chosen to meet the saturation requirement of ALD, which means the
growth rate does not increase any more with the increase of the pulse time. The deposition
parameters used at different temperatures are summarized in table 4.1.
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Although it is unnecessary and impossible to introduce pure ozone into ALD chamber,
ozone with high concentration is necessary in the deposition of SiO2, because TDMAS
requires strong oxidant. Before loading samples, the pipe connecting ozone generator and
ALD chamber has to be purged by ozone to expel residual air. This is accomplished by
running 30 cycles of ozone. In each cycle, the purging pulse time was 0.2 seconds, exposure
time was 0 second, and pump time was 26 seconds.

Detailed experimental studies of deposition of SiO2 were carried out with different number
of cycles at 100⁰C, 200⁰C and 300⁰C, giving a full view of the ALD growth linearity. At
100⁰C, 24, 30, 50, 70, 90 and 150 ALD cycles were deposited; at 200⁰C and 300⁰C, 10,
20, 30, 50, 100 and 200 ALD cycles were used. For the 300⁰C experiment, the temperature
at the center of the reaction chamber was 300⁰C while the sidewall temperature was 250⁰C.
This was limited by our ALD system, because the highest sidewall temperature available
in our ALD system is 250⁰C. Multi-angle Spectroscopic Ellipsometry (J. A. Woollam
M3000V) was used to obtain the physical thickness and optical constants (refractive index,
n, and extinction coefficient, k) of the thin SiO2 films. These values were determined by
fitting the captured data to a pre-built-in standard SiO2 model.

MOS capacitors were fabricated for the electrical characterization of the atomic layer
deposited SiO2 films at different deposition temperatures. Phosphorus doped n type Si(100)
substrates with a resistivity of 1-20 Ω cm were used. The substrates were cleaned using
Radio Corporation of America (RCA) cleaning to remove organic and ionic contaminations.
The details of RCA cleaning were described in Chapter 2. After RCA cleaning, the
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substrates were cleaned using a diluted BOE (buffered oxide etch) solution (Deionized
water: BOE = 80 ml: 20 ml), providing an H-terminated surface of the silicon substrates.
This is unique because all other researchers used hydroxylated (OH) surfaces of silicon for
ALD deposition of SiO2[14, 17]. After ALD, 1100 Å nickel (Ni) was deposited as gate
metal by electron-beam evaporation. The metal was then patterned by photolithography
and wet etching. The details of this process were described in Chapter 2. The gate patterns
were circles and the diameter was 100μm. Back contact was made by 1000 Å aluminum
(Al), which was also deposited by electron-beam evaporation. The samples were annealed
at 450⁰C in forming gas for 30 min., which created an ohmic contact between Al and the
bulk Si, and also passivated the defects in the SiO2 layer.

The capacitance-voltage (C-V) curves were measured using an Agilent 4284A LCR meter
at different frequencies, and the current-voltage (I-V) curves were measured with an
Agilent 4155B semiconductor parameter analyzer. Equivalent Oxide Thickness (EOT) and
flatband voltage (VFB) were extracted from the 100 KHz C-V curves by UC Berkeley’s
quantum-mechanical C-V simulator.

4.3 Results and Discussion
4.3.1 Linearity of Atomic Layer Deposition of SiO2
Figure 4.1 shows the growth linearity of ALD SiO2 at 100⁰C, 200⁰C and 300⁰C, the X axis
is the number of ALD cycles, and the Y axis is the SiO2 thin film thickness measured by
multi-angle spectroscopic ellipsometry (MSE<5). Each thickness is the average value of
three measured points at different locations on each sample. All the depositions at 100⁰C,
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200⁰C and 300⁰C show excellent linearity, which suggests atomic-layer-by-atomic-layer
deposition. The deposition rates were extracted by calculating the slope of each straight
growth line. At 100⁰C, the rate was ~0.2Å/cycle; at 200⁰C, the rate was ~0.7Å/cycle; at
300⁰C, the rate was ~0.6Å/cycle.

The dependence of growth rate on the substrate temperature could be elucidated by the
dissociative chemisorptions of TDMAS on substrate. The molecule structure of silane is
SiH(N(CH3)2)3. The entire reaction includes Si dangling bonds generation by breaking
three dimethylamine groups (-N(CH3)2) in silane molecules SiH(N(CH3)2)3 and the
followed Si bonding with O atoms (oxidation)[13-15]. The breaking of first two
dimethylamine groups is easy, while the breaking of the third one requires high thermal
energy. After breaking the dimethylamine groups, they become gaseous groups (HN(CH3)2) and escape from the substrate so that no C and N remain in films. Therefore,
creation of Si dangling bonds is strongly dependent on substarte temperature. The higher
substrate temperature create more Si dangling bonds, resulting in higher deposition rate. In
addition, at 100°C, the ALD SiO2 growth is still linear, suggesting no physical
accumulation of dimethylamine groups inside the film. Impurities in the ALD SiO2 films
were also studied using SIMS by Liu et.al. [20]. According to their SIMS analysis, the
impurity levels of the ALD SiO2 films deposited at 100-350⁰C are very low. There are ~0%
C, ~5% N, and ~15% H in silicon oxide films deposited at 100⁰C, ~0% C, ~0% N, and
~21% H at 200⁰C, and ~0% C, ~1% N, and ~15% H at 350⁰C. Increase of the temperature
from 200°C to 300⁰C does not introduce any further increase of deposition rate. Actually,
the deposition rate at 300⁰C is slightly lower than 200⁰C, which could be attributed to the
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minor unstable supply of O3 in our ALD system. Based on our dosing tests, the saturation
dose of TDMAS is easy to achieve. On the contrast, the dose of O3 is crucial for the reaction,
and a little fluctuation of O3 can affect the deposition rate.

Plotting extension lines towards Y axis in figure 4.1, it is noticeable that the extension lines
do not pass through the origin (0 0), but intersect with Y axis at 10-15Å. This seems like
the atomic layer deposition was executed on top of an initial layer with physical thickness
10-15Å, and evidence needs to be shown that this is not caused by Si substrate regrowth
by ozone oxidant at elevated temperature. After etching in buffered oxide etch (BOE), Si
substrates were loaded into the ALD reaction chamber, and then only ozone oxidant was
introduced into the chamber without the TDMAS source. The pulse and pump time were
maintained the same as those in the real SiO2 deposition process. After several cycles,
substrates were taken out of the chamber and the physical thickness of newly grown SiO2
was measured using multi-angle spectroscopic ellipsometry. The results at different
temperatures are listed in Table 4.1. It should be noted that after RCA cleaning and BOE
etching, a silicon substrate was thoroughly hydrophobic without any SiO2, and the
ellipsometery measurement produced a baseline reading of 7.49Å. For SiO2 of <12 Å, The
apparent SiO2 thickness is obtained by subtracting the baseline value from the ellipsometry
reading[21]; for SiO2 of >20 Å, the ellipsometry reading is accurate and no subtraction of
the baseline reading is needed (The EOT and ellipsometry reading match very well in our
control samples fabricated using high quality thermal SiO2[22]). All the thickness values
listed in table 4.1 are the average value of two measured points at different locations on
each sample. The highest SiO2 regrowth in table 4.2 is the 15 cycles of ozone oxidation at

78

300⁰C, that is only 5.56Å, which is far less than the 10-15Å “initial layer”. In the real
atomic layer deposition of SiO2, both TDMAS and ozone are introduced sequentially and
chemical reactions are taking place layer by layer, where the ozone thermal oxidation of
the Si substrate must be weaker than the ozone oxidation. Thus, the 10-15Å “initial layer”
must not be caused by Si substrate oxidation by ozone during atomic layer deposition. The
reason for the fast initial growth during the beginning 10 ALD cycles might be the nonuniform pile-up of precursor molecules on an H-terminated surface and the followed nonuniform nucleation instead of forming uniform chemical coverage [23, 24].

4.3.2 Electrical Properties of Ultrathin ALD SiO2 Films
Comparing to other techniques, the thermal oxidation provides lowest gate leakage current
and largest breakdown electrical field. For SiO2 dielectric thinner than 3-4 nm, the leakage
current mechanism is mainly quantum-mechanical tunneling (direct tunneling)[25]. The
direct tunneling current depends exponentially on SiO2 thickness, every 0.2nm increase of
the SiO2 thickness results in one order of magnitude reduction of the direct tunneling
current[26-28].

Metal-oxide-Semiconductor (MOS) capacitors were fabricated on the 100⁰C ALD SiO2
samples to test their electrical properties. 100 KHz capacitance-voltage (C-V) and currentvoltage (I-V) curves are shown in figure 4.2, where the three curves are obtained from the
MOS capacitors using 50, 70 and 90 cycles of ALD SiO2 respectively. Each one of the
curves is the typical curve of 10-15 measured devices. The electrical curves of ALD SiO2
of 24 and 30 cycles are not shown because of deformed C-V curves caused by large leakage
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current[27]. From the 100 KHz C-V curve, we extracted the EOT of 50 cycles SiO2 to be
2.34 nm, and the flatband voltage (VFB) is 0.77V. The corresponding gate leakage current
of the same device at V=VFB+1V is 9×10-2 A/cm2, which matches well with the reported
gate leakage current of thermally grown SiO2 [26-28]. The EOT of the 70 cycles ALD SiO2
is 2.68 nm, which is 0.34 nm thicker than the 50 cycles SiO2, and the corresponding gate
leakage current at V=VFB+1V is 5×10-3 A/cm2 (VFB=0.71V), which is 1.5 order of
magnitude lower than the 50 cycles SiO2. Similar to the thermal SiO2, when thinner than 3
nm, the direct tunneling current of ALD SiO2 depends exponentially on SiO2 thickness,
every 0.2 nm thickness increase corresponds to 1 order of magnitude tunneling leakage
current reduction. This is further verified by results of 90 cycles ALD SiO2.For EOT of
2.89 nm, the gate leakage current at V=VFB+1V is in the 10-5 order.

Figure 4.3 and 4.4 show the C-V and I-V curves of MOS capacitors with ALD SiO2
deposited at 200 and 300⁰C respectively. Similar results are exhibited here: the gate
leakage current at V=VFB+1V is comparable with that of thermally grown SiO2, and the
leakage current depends exponentially on SiO2 thickness. The only exception is the 30
cycles of ALD SiO2 at 200⁰C, of which the EOT is 3.2 nm, and the gate leakage current at
V=VFB+1V is larger than expectation (4×10-4A/cm2). Since this larger leakage current is
the only case among many data, it could be attributed to mal-fabrication, e.g. ion
contamination.

In order to further illustrate the quality of the deposited ultrathin ALD SiO2 films, we
carried out measurement of frequency dispersion and hysteresis behavior of the C-V curves,
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and the results are added as figure 4.5. Figure 4.5(a) is the frequency dispersion of C-V
curves of a MOS capacitor using ultrathin ALD SiO2 (EOT 2.68nm) deposited at 100⁰C as
gate dielectric. C-V curves at 10 KHz, 100 KHz and 1 MHz overlap with each other, which
implying good interface quality. Figure 4.5(b) shows the hysteresis behavior of 100 KHz
C-V curve of the same capacitor. In figure 4.5(b), the solid curve was measured from
depletion to accumulation, and the dash curve was measured from accumulation to
depletion. The two curves overlap with each other, which suggests the slow trap charges
in the SiO2 film is negligible.

The frequency dispersion and hysteresis of C-V curves of the MOS capacitor using
ultrathin ALD SiO2 deposited at 200⁰C (EOT 2.41nm) are shown in figure 4.5(c) and 4.5(d).
These curves are similar with the 100⁰C ALD SiO2 results, which corresponds to their
similar electrical properties illustrated above. The results of 300⁰C ALD SiO2 are not
shown here because they are similar to results at 100⁰C and 200⁰C. The interfacial quality
and impurity levels of the ALD SiO2 films deposited at 100°C, 200⁰C, and 300⁰C are all
very good in this thickness region (<3.5 nm).

In contrast to the ALD, any other techniques, such as PECVD and sputtering, cannot
deposit SiO2 with gate leakage current comparable to that of thermally grown SiO2 [4, 29].
The two-step ALD deposition of SiO2 using TDMAS and ozone provides a way to achieve
dielectric SiO2 with excellent gate leakage current comparable with thermally grown SiO2
when the thickness is less than 3.5nm. The breakdown electrical fields of the ALD SiO2
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are not discussed in this thickness range, since no obvious electrical breakdown occurs in
ultrathin dielectric layers. The electrical breakdown property will be discussed in part 4.3.4.

4.3.3 Difference Between Physical and Equivalent Oxide Thicknesses (EOT)
Figures 4.6, 4.7, and 4.8 show High frequency (100 KHz) capacitance-voltage (C-V) curve
and Current-Voltage (I-V) curve of MOS capacitors using ALD SiO2 as gate dielectrics
deposited at 100⁰C, 200⁰C, and 300⁰C. The Equivalent Oxide Thickness (EOT) of ALD
SiO2 grown at different temperatures was compared with the physical thickness measured
by multi-angle spectroscopic ellipsometry. The comparison was conducted for all cycle
numbers, except for 24, 30 cycles at 100⁰C, and 10 cycles at 200⁰C, 300⁰C, of which the
C-V curves are deformed due to large leakage current. A distinct mismatch exists between
EOT and physical thickness obtained by ellipsometry, the EOT is always smaller than the
physical thickness, and the detailed information is shown in table 4.3. The mismatch in
percentage is defined as: Mismatch (%) = (Ellipsometry thickness-EOT)/Ellipsometry
thickness×100%.

Generally speaking, as the cycle number increases, the mismatch between EOT and
physical thickness increases, too, although this is not a strict rule without exceptions. With
50 cycles at 100⁰C, the physical thickness is 2.42 nm, and the EOT is 2.34 nm, which only
exhibits 3.3% mismatch. This percentage increases to 8.2% for 70 cycles, 14.2% for 90
cycles, and then slightly changes back to 10.7% for 150 cycles. At 200⁰C, the variation
range of mismatch is huge, which starts from 12.4% for 20 cycles, to 48.1% for 200 cycles.
At 300⁰C, the smallest mismatch, from the 20-cycle ALD, is already 18%, which is even
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larger than peak value (14.2%) of the mismatch at 100⁰C. The largest mismatch at 300⁰C
occurred at the 200-cycle ALD, which is 42.4%. At all three deposition temperatures, it is
clear that mismatch increases with cycle number. The only exceptional data are those for
30 cycles at 200⁰C, which only show 7.8% mismatch. Since this device also showed gate
leakage current larger than the expected value (see Part 4.3.2), which might be caused by
mal-fabrication such as ion contamination, the exception here could also be attributed to
defects during fabrication.

The dependence of mismatch between EOT and physical thickness on deposition
temperature was also evaluated from Table 4.3 based on SiO2 thin films of similar physical
thicknesses. For examples, the SiO2 thin film of 2.42 nm physical thickness obtained at
100⁰C corresponds to 3.3% mismatch, while that of 2.44 nm at 300⁰C corresponds to 18%
mismatch, which is significantly higher. The SiO2 thin film of 2.92 nm obtained at 100⁰C
exhibits 8.2% mismatch, while that of 2.75 nm at 200⁰C exhibits 12.4% mismatch. The
SiO2 thin film of 3.37 nm obtained at 100⁰C corresponds to 14.2% mismatch, and that of
3.11 nm at 300⁰C corresponds to 22.5% mismatch (The films obtained by ALD for 30
cycles at 200⁰C is not considered here because of the possible mal-fabrication). For
physical thickness of 4-5 nm, the mismatchs of SiO2 thin films deposited at 100°C, 200°C
and 300°C are 10.7%, 26.6% and 20.2% respectively. From the above analysis, it is
concluded that for similar physical thickness, thin SiO2 films deposited at 100⁰C exhibits
the smallest mismatch between EOT and physical thickness, and that is significantly
increased when the deposition temperature increased from 100⁰C to 300⁰C.
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Figure 4.9(a) and 4.9(b) are the frequency dispersion and hysteresis behavior of C-V curves
of MOS capacitor using 4.6nm ALD SiO2 (EOT 4.1nm) deposited at 100⁰C as gate
dielectric. There is no frequency dispersion among the C-V curves obtained at 10 KHz,
100 KHz and 1 MHz, neither obvious hysteresis behavior. Careful comparison of figure
4.9(b) to figure 4.5(b) and figure 4.5(d) shows that, in figure 4.5(b) and 4.5(d), the solid
curve and the dash curve overlap with each other in the entire voltage range, while in figure
4.9(b), we can barely distinguish the dash curve from the solid curve near the VFB region.
However, this is just a subtle phenomenon. The frequency dispersion and hysteresis
behavior imply good interface quality and negligible slow trap charges in the oxide layer.
In the contrast, ALD SiO2 deposited at 200⁰C with similar physical thickness exhibits
different behaviors. In figure 4.9(c), the MOS capacitor using 4.85nm ALD SiO2 (EOT
3.56nm) deposited at 200⁰C as gate dielectric shows obvious C-V frequency dispersion,
especially near the VFB region. The hysteresis behavior in figure 4.9(d) is different from
the previous results in the sense that the VFB shifts towards the negative direction when the
voltage is scanned from accumulation to depletion. The shift of VFB is caused by positive
slow trap charges in the oxide layer[30], which might be caused by impurity accumulation:
′
∆VFB

1 xox x
=−
�
ρ(x)dx
Cox 0 xox

ALD SiO2 of >3.5nm deposited at 300⁰C exhibited the similar C-V frequency dispersion
and hysteresis behavior, which are not included here. The interfacial quality of the ALD
SiO2 films deposited at 200⁰C and 300⁰C are not very good in this thickness region
(>3.5nm).
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The mismatch phenomena suggest that the ALD SiO2 is electrically thinner than its
physical thickness. Therefore, it is reasonable to assume that the dielectric constant (k value)
of the deposited films is higher than its theoretical value of ideal SiO2. Illustration is needed
for whether the mismatch between EOT and physical thickness could be attributed to the
impurity in the films. As discussed in Section 4.3.1, Liu et.al. analyzed the impurity levels
in the ALD SiO2 thick films (>15 nm) using SIMS [20]. According to their results, for
films deposited from 100°C to 300°C, the C impurity is very low and negligible (<0.2%),
the N impurity is less than 3.6%, and only H concentration is higher (15-21%). As shown
in Table 4.3, the mismatch of our thicker silicon oxide samples (>5 nm) are 28%-48%,
which is much larger than the C and N imputirty concentrations. It is unlikely that C and
N impurities could cause the mismatch. Regarding H impurity in samples, H is the lightest
atoms and H-doped SiO2 should result in lower density, causing lower dielectric constant
or lower k value, which is opposite to our observation of mismatch. Therefore, the
mismatch is not caused by impurities.

In order to understand the mismatch clearly, we describe the phenomena based on ALD
reaction mechanism. The ALD reaction includes two steps: (1) Si dangling bonds
generation by breaking three dimethylamine groups (-N(CH3)2) in silane molecules
SiH(N(CH3)2)3 and (2) Si bonding to O atoms (oxidation). The breaking of first two
dimethylamine groups is easy, while the breaking of the third one requires high thermal
energy. After breaking the dimethylamine groups, they become gaseous groups (HN(CH3)2) and escape from the substrate so that no C and N remain in films. Therefore,
creation of Si dangling bonds is strongly dependent on substarte temperature. It is well
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known that oxidation of Si in O2 at temperatures below 300°C is negligible. It is expected
that oxidation of Si in O3 may be better than oxidation in O2, but is still slow at temperatures
below 300°C. In table 4.2, at 5 cycles, the thickness of the SiO2 grown by thermal O3
oxidation only increases less than 1Å by increasing the temperature from 100⁰C to 300⁰C,
so we believe that the increase in temperature from 100⁰C to 300⁰C does not increase the
oxidation rate. Therefore, the rate for Si bonding to O atoms (or oxidation rate) is very low
from 100⁰C to 300⁰C, which is the limiting factor for the entire reaction. As a result, at
100⁰C, Si dangling bonds generation rate is very low, which is close to the rate for Si
bonding to O atoms (oxidation rate), so that the silicon oxide film is more close to
stoicheometry. Our experiments also showed that at 100°C, silicon oxide with less
mismatch can be deposited. At temperatures >200°C, Si dangling bonds generation rate is
much higher due to higher thermal energy so that not all Si dangling bonds are connected
to O atoms because of low oxidation rate, but connected to Si themselves or H atoms,
resulting

in

Si-rich

silicon

oxide.

Our

experiments

also

showed

that

at

temperatures >200°C, the deposition rate of SiO2 is much higher, but the mismatch is also
larger. Because silicon has a dielectric constant much higher than SiO2 (k=11.9 for Si), the
silicon-rich SiO2 thin film should have higher dielectric constant value than thermal SiO2
so that the EOT of ALD Si-rich SiO2 film is less than its physical thickness observed using
ellipsometry. Therefore the mismatch is caused by non-stoicheometry (Si-rich) of SiO2 and
is larger at higher deposition temperatures.
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4.3.4 Breakdown of ALD SiO2
The applied gate voltage in the I-V characterization was extended until the breakdown of
the measured MOS capacitors occurs, and the breakdown voltage (VBD) was recorded for
each device (See Figures 4.2, 4.4, 4.6-4.8). At each deposition temperature and cycle
number, more than 10 devices were measured in order to achieve statistic results. Ultrathin
ALD SiO2 films with less cycle numbers were not included because there is no obvious
electrical breakdown. Since there is a mismatch between the EOT and the physical
thickness (see Part 4.3.3), the breakdown electrical fields were evaluated separately based
on both of them. The breakdown electrical field based on EOT was calculated as VBD/EOT,
where the EOT of each device was extracted from the 100 KHz C-V curve. The breakdown
electrical field based on physical thickness was calculated as VBD/ellipsometry thickness,
where the ellipsometry thickness was the average of 3 measured points. EOT is a key
parameter for gate dielectrics of thin film MOS field-effect transistors (MOSFETs). VBD
divided by EOT must be considered when ALD SiO2 is to be used as gate dielectric for
MOS transistors. Because our ALD SiO2 is Si-rich, it exhibits higher permittivity value,
similar to that of high-k gate oxides. VBD/EOT can gauge the quality of SiO2 as gate
dielectric for thin-film MOSFETs because physical thickness is not important in this case.
The statistic results of the ALD SiO2 breakdown electrical fields are shown in details in
table 4.4, the numbers in the table are the quantities of MOS capacitors which have
breakdown electrical fields in the corresponding range.

The average breakdown electrical field can be used to illustrate the electrical strength of
the ALD SiO2. On the basis of our results, the average breakdown E-field shows thickness
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dependence. At all three deposition temperatures, ALD SiO2 with less cycle numbers
exhibit higher breakdown E-fields. As the cycle numbers increase, the breakdown E-fields
reduce. This trend is in an agreement with the mismatch between EOT and physical
thickness, that thinner films exhibit both smaller mismatch and better electrical strength.
We believe that the underlying mechanism for both of the phenomena is the composition
and structure of the deposited films: the ALD SiO2 films are silicon-rich due to insufficient
oxidation of silane. The high concentration of silicon results in a high dielectric constant,
the electrical strength could be degraded because of the non-stoichiometry of ALD SiO2.
Additionally, thermal SiO2 grown above 800⁰C also shows an inverse proportion of
breakdown E-field to the oxide thickness similar to our results[31].

The breakdown E-field of thermal SiO2 grown above 800⁰C has been extensively reported
before in literatures. The thermal SiO2 has a typical breakdown E-field of ~10 MV/cm [3133]. Based on EOT, the highest breakdown E-Fields of the ALD SiO2 are 12.2 MV/cm, 9.9
MV/cm and 14.7 MV/cm at 100⁰C, 200⁰C and 300⁰C respectively. These data points are
comparable with the thermal SiO2. As the cycle numbers increase, the breakdown E-Fields
slightly decrease. Nevertheless, the electrical strength of material should be more
accurately evaluated using the physical thickness based breakdown E-Fields. From this
point of view, the 90-cycle deposition at 100⁰C and the 30-cycle deposition at 300⁰C still
possess breakdown E-Fields higher than 10 MV/cm, that is 10.7 MV/cm and 11.5 MV/cm
respectively. This suggests that SiO2 deposited by ALD has the possibility to achieve
electrical strength comparable to high-quality thermally grown SiO2 at the thickness range
important to transistors (<3.5nm). Other deposition techniques of SiO2, such as PECVD,
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sputtering, and E-beam evaporation, produce SiO2 thin films with much lower breakdown
E-Fields [34-36], which limited their applications.

4.4 Conclusion
High quality ALD SiO2 thin films were grown using TDMAS and ozone at different
temperatures. Excellent linearity for growth was observed, suggesting atomic layer by
atomic layer growth was achieved. The growth rate increased at higher temperatures. When
thickness <3.5 nm based on EOT, the ALD SiO2 has gate leakage current density
comparable to that of thermal silicon oxide grown at temperatures above 800⁰C. The
frequency dispersion and hysteresis behavior of the C-V curves of the ALD SiO2 films
deposited at 100°C, 200⁰C, and 300⁰C are all very small in the thickness region of <3.5
nm, suggesting excellent interfacial quality. Based on analysis of mismatch between the
films’ EOT and their physical thicknesses, the ALD SiO2 thin films are likely to be siliconrich in composition. At the deposition temperature of 100°C and for thickness <3.5 nm,
which is important to thin-film MOS transistors, the EOT-based breakdown electrical
fields (~10MV/m) of ALD SiO2 are nearly as good as that of thermal silicon oxide, and the
physical thickness-based breakdown electric-fields (~8MV/cm) are slightly worse than that
of thermal silicon oxide, although the thin films contain more H impurity than thermal
silicon oxide. At deposition temperatures of 200°C and 300°C, the EOT-based breakdown
e-fields (9-10MV/cm) of ALD SiO2 are close to that of the thermal SiO2 and the physical
thickness-based breakdown e-fields (5-8MV/cm) are worse than that of thermal SiO2. At
all deposition temperatures, the ultrathin ALD SiO2 (<3.5nm) has both excellent EOT- and
physical thickness-based breakdown e-fields (~10MV/cm), which are almost comparable
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to that of thermal silicon oxide. The appealing electrical properties of thin ALD SiO2 (<3.5
nm) enable its potential applications as high-quality gate insulators for thin-film MOS
transistors, and insulators for sensor structures and nanostructures on non-silicon substrates.
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Table 4.1: ALD programs for deposition of SiO2 using TDMAS and ozone at 100⁰C, 200⁰C
and 300⁰C.
Chamber temperature = 100°C
Precursor
TDMAS
Ozone

Pulse time (sec)
0.03
0.4

Exposure time(sec)
28
30

Pump time (sec)
30
23

Chamber temperature = 200°C
TDMAS

0.03

28

23

Ozone

0.4

15

23

Susceptor temperature = 300°C, wall temperature = 250°C
TDMAS
Ozone

0.03
0.4

28
7
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20
20

Table 4.2: Ozone oxidation of Si substrates with the TDMAS source closed using the same
experimental parameters as those in the real ALD SiO2 process.
Temperature
100⁰C

5
3.95Å

Temperature
200⁰C
300⁰C

5
4.61Å
4.63Å

Number of ALD Cycles
20
4.11Å
Number of ALD cycles
10
4.81Å
4.80Å
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30
3.97Å
15
5.06Å
5.56Å

Table 4.3: Mismatch between the physical thickness of ALD SiO2 measured by multiangle spectroscopic ellipsometry and the EOT. The percentage of mismatch is defined as
(Ellipsometry thickness-EOT)/Ellipsometry thickness×100%.
Temperature

Cycle Number

Ellipsometry (nm)

EOT (nm)

Mismatch (%)

100⁰C

50
70
90
150
20
30
50
100
200
20
30
50
100
200

2.42
2.92
3.37
4.59
2.75
3.47
4.85
8.45
15.4
2.44
3.11
4.19
6.96
12.5

2.34
2.68
2.89
4.1
2.41
3.2
3.56
5.09
8
2
2.41
3.35
5
7.2

3.3%
8.2%
14.2%
10.7%
12.4%
7.8%
26.6%
39.8%
48.1%
18%
22.5%
20.2%
28.3%
42.4%

200⁰C

300⁰C
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Table 4.4: Breakdown electrical fields of ALD SiO2 deposited at 100⁰C, 200⁰C and 300⁰C
respectively. The numbers are the quantities of MOS capacitors which have breakdown
electrical fields in the corresponding range. The electrical fields based on EOT and physical
thickness are calculated separately because of the mismatch between EOT and physical
thickness.
(a) ALD SiO2 deposited at 100⁰C
E-Field based on
EOT (MV/cm)

9~10 10~11

11~12

90 cycles (2.89nm)
150 cycles (4.1nm)

1
7

1
2

E-Field based on
Ellipsometry (MV/cm)

8~9

9~10

10~11

90 cycles (3.37nm)
150 cycles (4.6nm)

1
9

1

3

Average
12~13 13~14 Breakdown
E-field
8
1
12.2 MV/cm
9.5 MV/cm
Average
11~12 9~10 Breakdown
E-field
6
10.7 MV/cm
8.5 MV/cm

(b) ALD SiO2 deposited at 200⁰C
E-Field based on
EOT (MV/cm)
50 cycles (3.56nm)
100 cycles (5.09nm)
200 cycles (8nm)
E-Field based on
Ellipsometry (MV/cm)
50 cycles (4.85nm)
100 cycles (8.45nm)
200 cycles (15.4nm)

5~6

6~7

8~9

2

1

4
1

2~3

3~4

4~5

9~10 10~11
6
7

5~6

11~12

5
1
2

5

6~7

7~8
11

1

2

1
1

11
2

5

Average
Breakdown
E-field
9.9 MV/cm
9.1 MV/cm
9.7 MV/cm
Average
Breakdown
E-field
7.5 MV/cm
5.5 MV/cm
5.2 MV/cm
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(c) ALD SiO2 deposited at 300⁰C
Average
E-Field based on
7~9 9~10 10~11 11~12 12~13 13~14 >14 Breakdown
EOT (MV/cm)
E-field
30 cycles
14.7
1
2
8
(2.41nm)
MV/cm
50 cycles
10.8
1
4
7
(3.35nm)
MV/cm
100 cycles
9.1
4
6
3
(5nm)
MV/cm
200 cycles
11.4
2
8
2
(7.2nm)
MV/cm
E-Field based on
Average
Ellipsometry
<6 6~7 7~8
8~9
9~10 10~11 >11 Breakdown
(MV/cm)
E-field
30 cycles
11.5
2
9
(3.11nm)
MV/cm
50 cycles
1
6
5
8.8 MV/cm
(4.19nm)
100 cycles
4
7
2
6.3 MV/cm
(6.97nm)
200 cycles
11
1
6.6 MV/cm
(12.5nm)
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Fig 4.1. Linearity of the atomic layer deposition of SiO2 at 100⁰C, 200⁰C and 300⁰C. Film
thickness was obtained by spectroscopic ellipsometry. At 100⁰C, 24, 30, 50, 70, 90 and
150 cycles were carried out; at 200⁰C, 10, 20, 30, 50, 100, 200 cycles were carried out; at
300⁰C, 10, 20, 30, 50, 100, 200 cycles were carried out.

96

Fig 4.2. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curves and (b) CurrentVoltage (I-V) curves of MOS capacitors using ALD SiO2 at 100⁰C as dielectric. The SiO2
thin films were deposited for 50, 70 and 90 cycles, and correspond to EOT 2.34 nm, 2.68
nm and 2.89 nm respectively. Each one of the curves is a typical representative of 10-15
measured devices. The gate patterns were circles and the diameter was 100μm.
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Fig 4.3. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curves and (b) CurrentVoltage (I-V) curves of MOS capacitors using ALD SiO2 at 200⁰C as gate dielectric. The
SiO2 thin films were deposited for 20 and 30 cycles, and correspond to EOT 2.41 nm and
3.2 nm respectively. Each one of the curves is a typical representative of 10-15 measured
devices.
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Fig 4.4. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curves and (b) CurrentVoltage (I-V) curves of MOS capacitors using ALD SiO2 at 300⁰C as gate dielectric. The
SiO2 thin films were deposited for 20 and 30 cycles, and correspond to EOT 2 nm and 2.41
nm respectively. Each one of the curves is a typical representative of 10-15 measured
devices.
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Fig 4.5. (a) Frequency dispersion (10KHz, 100KHz, 1MHz) of C-V curves of MOS
capacitor using ultrathin ALD SiO2 deposited at 100⁰C as gate dielectric. (b) Hysteresis
behavior of 100 KHz C-V curve of the MOS capacitor in figure 5(a).
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Fig 4.5. (c) Frequency dispersion of C-V curves of MOS capacitor using ultrathin ALD
SiO2 deposited at 200⁰C as gate dielectric. (d) Hysteresis behavior of 100 KHz C-V curve
of the MOS capacitor in figure 5(c).
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Fig 4.6. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curve and (b) CurrentVoltage (I-V) curve of MOS capacitor with ALD SiO2 at 100⁰C as gate dielectric. The
SiO2 thin films were deposited for 150 cycles. The curve is the typical representative of
10-15 measured devices. The electrical breakdown of the device is marked on the I-V curve.
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Fig 4.7. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curves and (b) CurrentVoltage (I-V) curves of MOS capacitors with ALD SiO2 at 200⁰C as gate dielectric. The
SiO2 thin films were deposited for 50, 100 and 200 cycles respectively. Each curve is a
typical representative of 10-15 measured devices. The electrical breakdown of the device
is marked on the I-V curve.
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Fig 4.8. (a) High frequency (100 KHz) Capacitance-Voltage (C-V) curves and (b) CurrentVoltage (I-V) curves of MOS capacitors with ALD SiO2 at 300⁰C as gate dielectric. The
SiO2 thin films were deposited for 50, 100 and 200 cycles respectively. Each curve is a
typical representative of 10-15 measured devices. The electrical breakdown of the device
is marked on the I-V curve.
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Fig 4.9. (a) Frequency dispersion of C-V curves of MOS capacitor using ALD SiO2
deposited at 100⁰C as gate dielectric. (b) Hysteresis behavior of 100 KHz C-V curve of the
MOS capacitor in figure 9(a).
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Fig 4.9. (c) Frequency dispersion of C-V curves of MOS capacitor using ALD SiO2
deposited at 200⁰C as gate dielectric. (d) Hysteresis behavior of 100 KHz C-V curve of the
MOS capacitor in figure 9(c).
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Chapter 5 Atomic layer deposition of HfO2 using chemical oxide as an
interfacial layer
5.1 Introduction
HfO2 has become the mainstream high-k dielectric material in semiconductor industry. The
application of HfO2 in complementary metal oxide semiconductor (CMOS) technology is
the basis of the continuous scaling of integrated circuits and microprocessor. Among
various dielectric materials with high dielectric constant (high-k), HfO2 became the top
selection because of its excellent material and electrical properties such as high dielectric
constant (~20), sufficient band offset with Si, large bandgap (5.6-5.8 eV), good
thermodynamic stability, etc.[1-7]. It has been proved that HfO2 is compatible with the
self-aligned process in the conventional CMOS technology (>1000°C) [8-12], so it can be
easily integrated into the well-established industry process without introducing additional
technical barriers.

The success of HfO2 as an ideal gate dielectric is contributed to the superior quality of
HfO2 films obtained by Atomic Layer Deposition (ALD). ALD provides precise control of
film thickness, stoichiometry and uniformity at the atomic scale, due to its self-limiting
surface reaction [4, 6, 13]. However, not all surfaces are suitable for ALD deposition.
Unlike the flawless interface between Si and thermally grown SiO2, direct deposition of
HfO2 on Si substrate would introduce interface trap charges and defects, and harm the
qualities of MOS devices.
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Extensive work has been done to investigate the proper interface conditions for ALD of
metal oxides. It is widely accepted that non-oxide like Si surface creates barrier for initial
cycles of ALD, results in growth incubation period [14-16]. ALD of high-k materials on –
H terminated Si surface exhibits heterogeneous island growth instead of uniform growth,
and the gate leakage current of the deposited thin films was reported to be high[14-18].
Researchers such as E. P. Gusev, etc. and R. L. Puurunen, etc. explored the ALD nucleation
of ZrO2, Al2O3, TiO2 and HfO2 on Si surface, and proved that comparing to nucleation on
SiO2 surface, nucleation on H-terminated Si surface is characterized by non-uniformity,
island-like morphology, poor metal oxide qualities, and metal diffusion at high
temperature[13, 17, 19-24]. Plus, underlying SiO2 would grow at the Si/metal oxide
interface at moderate temperature, which is harmful to the scaling of MOS devices[25, 26].
The regrowth of the SiO2 has been proved by infrared spectroscopy[27]. There are also
researches on nucleation of HfO2 on Si (110) and Si (111)[28], and Ge surface[29, 30],
which is a potential substrate material with high mobility. L. Nyns, etc. further explored
the initial few cycles of the ALD process on H-terminated, OH-terminated Si surface and
different Si orientations.

Hydroxyl group (-OH) termination of Si is crucial for the chemical attachment of Hf
precursor onto the Si surface. Si surface terminated by –OH groups is hydrophilic. An
interfacial layer between Si substrate and HfO2 dielectric layer is necessary to provide –
OH terminated hydrophilic surface for the initial nucleation of ALD. The interfacial layer
also helps to decrease the interface trap charges and defects. An ultrathin layer of SiO2-like
interface full of –OH groups and highly hydrophilic is desirable as the initial surface for
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ALD of HfO2. Meanwhile, since the dielectric constant of the interfacial layer is low (~3.9),
the physical thickness of the interfacial layer should be minimized, in order not to harm the
equivalent oxide thickness (EOT) of the whole gate oxide stack.

5.2 Growth of chemical oxide as an interfacial layer
Green, etc. did extensive work to compare the nucleation and growth of HfO2 on Si surfaces
with various pre-deposition treatments[31]. The Si surfaces are listed as follow: -H
terminated Si surface obtained by HF etching; DI water (de-ionized water) and ozone
processed Si surface; chemical oxide grown by SC 1 solution (H2O, H2O2 and NH3OH);
chemical oxide grown by SC 2 solution (H2O, H2O2 and HCl); thermal SiO2 grown by
rapid thermal oxidation; and Si-O-N grown by rapid thermal oxynitride. Among these predeposition treatments, chemical oxide prepared by SC 1 solution results in minimum ALD
nucleation barrier. The deposition of HfO2 films on this chemical oxide is linear and
conformal, with high coverage rate, small film roughness, and film density close to
theoretical value. Meanwhile, the chemical oxide prepared by SC 1 solution is very thin
(only ~0.5 nm), which is desirable to meet the continuous scaling requirement on the highk gate dielectric[31]. This pre-treatment of Si surface has been applied by other research
groups because of its appealing interfacial quality[1, 18].

The thickness of chemical oxide interface layer is crucial for the scaling of the gate
dielectric stack. Also, since HfO2 films will be deposited onto the interfacial layer, the
thickness of the SiO2-like interfacial layer is necessary for the spectroscopic ellipsometry
(SE) measurement of the ALD HfO2 films. The growth of chemical oxide in SC 1 solution
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has been studied in details. Boron doped p type Si(100) wafers with a resistivity of 1-20 Ω
cm were used as substrates. Before the growth of chemical oxide, the substrates were
cleaned using Radio Corporation of America (RCA) cleaning to remove organic and ionic
contaminations. H-terminated Si surface was achieved by immersing Si substrates into
diluted buffered oxide etch (BOE, 6:1 with surfactant) solution (DI H2O: BOE=80ml:
20ml). The composition of the SC 1 solution was: 200ml DI H2O:4ml H2O2 (30 wt%):2ml
NH4OH (NH3; 29 wt%). The chemical oxide was grown at 45°C, 60°C and 80°C. The
thicknesses of the chemical oxide layers were measured using SE, and the results are listed
in Table 5.1.

As illustrated in Chapter 4, a “baseline” exists when using SE to measure SiO2 <12Å. The
“baseline” value is the thickness that the SE system displays when measuring a fully
hydrophobic Si surface without any oxide. The physical thickness of the ultrathin oxide
layer should be the SE system displayed value subtracted by the baseline value, which is
8.99Å here. In Chapter 4, the baseline value was 7.49Å. This is because the baseline value
was measured every time before the measurement of ultrathin oxide layers, in order to
compensate the measuring error of the SE system. In table 5.1, Tch is the ellipsometry
reading of the chemical oxide, and T0 (8.99Å) is the baseline value.

5.3 Atomic layer deposition of HfO2 using chemical oxide as an interfacial layer
Using chemical oxide as the interfacial layer, HfO2 films was grown by ALD. The ALD
system was produced by Cambridge Nanotech Inc. After growth of chemical oxide, Si
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substrate was loaded into ALD chamber immediately at 100°C. HfO2 was deposited using
tetrakis(dimethylamino)hafnium (TDMAH) as the metal organic precursor and DI H2O as
the oxidant. The structure of TDMAH is

The temperature of TDMAH was increased to 75°C to provide enough vapor pressure.
HfO2 films was deposited at 300°C. It took about 20 minutes to increase the chamber
temperature from 100°C to 300°C in our ALD system. We loaded the substrate at 100°C
in order to avoid regrowth of the Si substrate, as well as the stress accumulation in the HfO2
thin films due to the sudden change of temperature. The carrier gas was nitrogen at a flow
rate of 20 sccm (standard cubic centimeters per minute). TDMAH and DI H2O were
supplied into the chamber sequentially with TDMAH comes first. The pulse times were
chosen to meet the saturation requirement of ALD. The details of the deposition parameters
are summarized in table 5.2. Increasing the pump time from 5 seconds to 20 seconds would
slightly improve the uniformity of the deposited films, but the improvement is subtle and
does not worth the additional time consumption.

Figure 5.1 shows the growth linearity of ALD HfO2 using chemical oxide as an interfacial
layer. HfO2 was deposited for 35, 50, 75 and 100 cycles. The physical thicknesses of HfO2
films were measured by SE using chemical oxide as a built-in initial layer. The growth of
HfO2 shows excellent linearity without incubation period, suggesting good nucleation even
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in the beginning cycles and a stable atomic-layer-by-atomic-layer deposition. The
deposition rate of 0.9-1Å/cycle was extracted by calculating the slope of the straight growth
line.

5.4 The dependence of interfacial quality on the thickness of the chemical oxide
interfacial layer
MOS capacitors were fabricated and tested to explore the dependence of interfacial quality
on the thickness of the chemical oxide interfacial layer. Titanium (Ti, 100Å) and nickel
(Ni, 1000Å) were deposited by electron-beam evaporation as gate metals. Ti is added here
to enhance adhesion between the gate metal and the dielectric stack. The metal gates were
patterned by photolithography and wet etching. The gate patterns were circles and the
diameter was 100µm. The details of the wet etching process are described in Chapter 2.
The backside of the Si substrates was coated by aluminum (1000Å). The samples were then
annealed at 450°C in forming gas (N2:H2=10:1) for 30 minutes to create Ohmic contact
between Al and bulk Si. The Capacitance density-Voltage (C-V) curves of the MOS
capacitors were measured using an Agilent 4284A LCR meter at 100 KHz, and the Current
density-Voltage (J-V) curves were measured using an Agilent 4155B semiconductor
parameter analyzer. Equivalent oxide thickness (EOT) and flatband voltage (VFB) were
extracted by fitting the 100 KHz C-V curves with the theoretical quasi-static C-V
simulation (UC Berkeley’s quantum-mechanical C-V simulator).

Theoretical simulation suggested that the minimum thickness of the chemical oxide layer
is ~ 0.4 nm in order to maintain a high quality interface[32]. We did explicit experiments
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to prove this theoretical simulation. Chemical oxide interfacial layers were grown in SC 1
solution at 60°C for 1 minute, 2 minutes and 4 minutes, and the resulting physical
thicknesses of the interfacial layers were 0.4 nm, 0.45 nm and 0.5 nm, respectively. 35
cycles of ALD HfO2 was deposited on these three interfacial layers. The C-V curves of the
MOS capacitors using the chemical oxide/35-cycles-ALD HfO2 as gate dielectric are
displayed in figure 5.2 (a)-(c). The dots are the experimental data, and the solid curves are
the theoretical quasi-static C-V simulation. In figure 5.2(a), the chemical oxide was grown
in SC 1 solution for 1 minute and the physical thickness is 0.4 nm. The C-V curve does not
increase sharply from depletion region to accumulation region, and it deviates from the
theoretical simulation curve, which suggests high density of interface traps. We increased
the thickness of HfO2 film by running ALD deposition for 50 cycles, and the C-V curve of
the corresponding MOS capacitors is also displayed in figure 5.2(a) by the solid squares.
This C-V curve also shows deviation from the theoretical simulation curve. The deviation
is alleviated comparing to the C-V curve of the MOS capacitors using 35 cycles ALD HfO2,
but it is still obvious. The 0.4 nm chemical oxide is too thin and could not be used as an
ALD interfacial layer with good quality.

Figure 5.2(b) shows the C-V curve of the MOS capacitors using 0.45 nm chemical oxide
as the interfacial layer. The C-V curve is notably improved: it increases sharply from
depletion region to accumulation region, and the fitting with the theoretical C-V simulation
is good. The good fitting suggests the interface trap density is small. The 0.45 nm chemical
oxide could be used as a reliable interfacial layer for ALD of HfO2. The C-V curve of the
MOS capacitors using 0.5 nm chemical oxide as the interfacial layer is displayed in figure
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5.2(c). Comparing figure 5.2(c) to figure 5.2(b), the fitting between the experimental data
and the theoretical C-V simulation is not further improved. Considering the continuous
scaling requirement on the MOS gate dielectric stack, the 0.45 nm chemical oxide is more
preferable as an interfacial layer.

J-V curve of the MOS capacitors using 0.45 nm chemical oxide/35-cycles-ALD HfO2 as
gate dielectric is shown in figure 5.3. The gate leakage current density matches other
reported data [20, 33, 34].

5.5 Conclusion
4.5 Å is the minimum thickness needed for the chemical oxide to be a high quality interface
for ALD of HfO2 on Si. Growing chemical oxide in SC 1 solution at 60°C for 2 minutes is
a reliable method to provide desirable interfacial layer. This method would be applied in
the following works as a reference to evaluate the qualities of innovative interfacial layers.
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Table 5.1. Spectroscopic Ellipsometry (SE) measured thickness of the chemical oxide
layers grown using the SC 1 solution with different parameters (oxidation temperature and
time). T0 (8.99Å) is the baseline value; Tch is the ellipsometry reading of the chemical oxide.
Time (min)

1

2

5

7

Tch (Å)

12.84

13.37



13.72

(Tch –T0) (Å)

3.85

4.38



4.73

Tch (Å)

12.81

13.50

14.54



(Tch –T0) (Å)

3.82

4.51

5.55



Tch (Å)

13.02

13.93





(Tch –T0) (Å)

4.03

4.94





45°C

60°C

80°C
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Table 5.2: ALD program for deposition of HfO2 using TDMAH and DI H2O at 300⁰C.
Susceptor temperature = 300°C, wall temperature = 250°C
Precursor

Pulse time (sec)

Exposure time(sec)

Pump time (sec)

TDMAH

0.5

0

5

DI H2O

0.5

0

5
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Figure 5.1. Growth linearity of ALD HfO2 using chemical oxide as an interfacial layer.
HfO2 was deposited for 35, 50, 75 and 150 cycles.
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Figure 5.2.

(a) Experimental

(dots) and

simulated

(lines) C-V curves

of

Ni/Ti/HfO2/interfacial layer/p-Si MOS capacitors. The experimental C-V curves were
measured at 100 KHz. The interfacial layer was grown in SC1 solution at 60°C for 1 minute,
and the thickness is 0.40 nm. The HfO2 films were deposited for 35 cycles (circles) and 50
cycles (squares).
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Ni/Ti/HfO2/interfacial layer/p-Si MOS capacitors. The experimental C-V curve was
measured at 100 KHz. The interfacial layer was grown in SC1 solution at 60°C for 2
minutes, and the thickness is 0.45 nm. The HfO2 film was deposited for 35 cycles.
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Ni/Ti/HfO2/interfacial layer/p-Si MOS capacitors. The experimental C-V curve was
measured at 100 KHz. The interfacial layer was grown in SC1 solution at 60°C for 4
minutes, and the thickness is 0.50 nm. The HfO2 film was deposited for 35 cycles.
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Figure 5.3. J-V curves of Ni/Ti/HfO2/interfacial layer/p-Si MOS capacitors. The interfacial
layer was grown in SC1 solution at 60°C for 2 minutes, and the thickness is 0.45 nm. The
HfO2 film was deposited for 35 cycles.
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Chapter 6 Atomic layer deposition of HfO2 using in-situ formed
hydrophilic oxide as an interfacial layer
6.1 Introduction
High-quality HfO2 can only be grown using ALD on hydrophilic surface, i.e. OH
terminated surface. OH termination of Si is crucial for the chemical attachment of metal
precursors onto Si surface[1-6]. It was found that the density of –OH groups on Si surface
has an effect on the atomic surface roughness and dielectric leakage current of HfO2[7].
Green

et

al.

demonstrated

that

chemical

oxide

grown

by

SC1

solution

(1NH4OH:4H2O2:200H2O) is full of –OH groups and works effectively as an interfacial
layer for ALD growth of HfO2[8]. This was proved in our group, and the experiment details
are discussed in Chapter 5. Ozone based wet chemical oxidation and ozonated water
spraying are widely used in industry for ALD growth of HfO2 [9, 10]. The growth of the
interfacial layer was controlled by ozone concentration in water. However, in 3-D silicon
MOS devices structures, such as FinFETs and nanowire FETs, it is difficult to allow
uniform oxide formation on the sides of the fins and underneath the nanowire in wet
chemical solution or by spraying.

In this work, we report an ALD-based in-situ formation of SiO2 interfacial layer using one
cycle of ozone and water. The interfacial layer formed is highly hydrophilic, and the ALD
HfO2 grown on this interfacial layer has comparable qualities to HfO2 grown on SC1
chemical oxide. The interfacial layer was in-situ formed in the ALD chamber. This method
might be used in sophisticated 3-D MOS structures because ALD allows molecules to be
deposited on the surface that cannot be accessible using other methods. In addition, the
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chemical oxidation step can be eliminated from the integrated circuits manufacturing
processes, which is economically beneficial to the industry.

6.2 Experimental
Boron doped p type Si(100) wafers with a resistivity of 1-20 Ω cm were used as substrates.
The substrates were cleaned using Radio Corporation of America (RCA) cleaning to
remove organic and ionic contaminations. H-terminated Si surface was achieved by
immersing Si substrates into BOE (buffered oxide etch) solution. After BOE etching, Si
substrate was loaded into ALD chamber (Cambridge Nanotech Inc) immediately at 100°C.
Then the surface was exposed to 1 ALD cycle of ozone (O3) and deionized water (DI H2O),
which were introduced into ALD chamber sequentially with ozone coming first. O3 was
produced from O2 by an ozone generator (A2Z Ozone Inc.). It was found that after this
process, an ultrathin layer of SiO2 was thermally grown on Si substrate, and the surface of
the SiO2 is highly hydrophilic. Usually Si could not be effectively oxidized by O2 at
temperature below 500°C; O3 is a strong oxidant, and can grow desired ultrathin oxide
layer with only one pulse. The H2O pulse was supplied to provide –OH groups on the
interfacial layer surface. The details of this process are listed as following: O3 pulse time
is 0.3 second, exposure time is 30 seconds, pump time is 23 seconds; H2O pulse time is 0.5
second, exposure time is 15 seconds, pump time is 20 seconds. The pulse and exposure
times of ozone and DI water were carefully chosen to minimize the thickness of the SiO2
layer, so that the equivalent oxide thickness (EOT) of the gate dielectric stack is minimal.
Without taking the sample out of the chamber, HfO2 was deposited on this interfacial layer
using tetrakis(dimethylamino)hafnium (TDMAH) and DI water at 300°C, and the pulse
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times were chosen to meet the saturation requirement of ALD (TDMAH and H2O pulse
time: 0.5 second. Exposure time: 0 second. Pump time: 5 seconds). Details of the HfO2
deposition by ALD were described in Chapter 5. As a control sample, chemical oxide was
also grown using SC 1 solution (NH4OH:H2O2:H2O=2:4:200) at 60°C for 2 minutes, and
HfO2 was deposited using the same parameters as the ones used on the in-situ formed
interfacial layer. This component ratio of SC 1 solution was developed by M. L. Green,
etc.[8], and was modified in our previous work to be an effective method to grow interfacial
layer for ALD of high quality HfO2[11] (see Chapter 5 for details). Multi-angle
spectroscopic ellipsometry (J. A. Woollam M3000V) was used to measure the physical
thickness and characterize the optical properties of the thin films.

MOS capacitors were fabricated to electrically evaluate the effectiveness of the interfacial
layer/HfO2 stacks as gate dielectric materials. Titanium (Ti, 100Å) and nickel (Ni, 1000Å)
were deposited by electron-beam evaporation as gate metals, because Ti enhances adhesion
between the gate metal and the dielectric stacks. The metal gates were patterned by
photolithography and wet etching. The gate patterns were circles and the diameter was
100µm. The backside of the Si substrates was coated by aluminum (1000Å). The samples
were then annealed at 450°C in forming gas (N2:H2=10:1) for 30 minutes to create Ohmic
contact between Al and bulk Si. The capacitance-voltage (C-V) curves of the MOS
capacitors were measured using an Agilent 4284A LCR meter at multi-frequencies, and
the current-voltage (I-V) curves were measured using an Agilent 4155B semiconductor
parameter analyzer. Equivalent oxide thickness (EOT) and flatband voltage (VFB) were
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extracted by fitting the 100 KHz C-V curves with the theoretical quasi-static C-V
simulation (UC Berkeley’s quantum-mechanical C-V simulator).

6.3 Results and Discussion
6.3.1 Characterization of the in-situ formed interfacial layer
The growth of chemical oxide in SC1 solution has been extensively investigated in our lab
before[11]. The physical thickness of the ultrathin chemical oxide grown at the condition
described above was ~4.5Å. The chemical oxide thin film was full of –OH groups and
highly hydrophilic on the surface. Our in-situ formed SiO2-based interfacial layer grown
by 1 ALD cycle of O3 and H2O had similar hydrophilic surface as chemical oxide based on
observation. The physical thickness of the in-situ formed interfacial layer was ~3.5Å
measured by spectroscopic ellipsometry, which is ~1Å thinner than that of the chemical
oxide. This is beneficial to further scaling of the gate dielectric stack. Usually H-terminated
Si surface would only be oxidized at elevated temperature (>600°C), not at the temperature
(100°C) for our in-situ interfacial layer formation process. The H-termination of Si surface
could remain for about 10 minutes in air at room temperature. The successful growth of
our in-situ interfacial layer is because O3 is a stronger oxidant than O2, and the oxygen
atoms dissociated from O3 molecules directly attack the back bonds of Si[12]. The thin
oxide film grown by O3 was also reported with a stable Si-O-Si network even formed at
low temperature[12]. Comparable mean squared errors (MSEs) of the spectroscopic
ellipsometry measurements were observed between the chemical oxide and the in-situ
interfacial layer (both <5), indicating that the material structures of these SiO2-based
interfacial layers are close to that of the theoretically calculated ideal SiO2. Therefore, the
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oxide quality of our newly developed in-situ interfacial layer is not degraded comparing to
that of the chemical oxide.

The interfacial layers prepared by different methods before depositing HfO2 were
characterized by the Thermo ScientificTM K-AlphaTM X-ray Photoelectron Spectrometer
(XPS) using an Aluminum Kα micro-focused monochromatic X-ray source with a 400 μm
spot size. The depth profile was obtained by an Ar Ion gun of 1000 eV energy with 5
seconds for each layer (the estimated etching speed is 0.5 nm/s for Ta2O5).

Figure 6.1 is the main atomic percentage change of main components (Si and O) of
chemical oxide interface and O3+H2O interface from XPS depth profiling (layer1: the bare
surface, layer3: the most in-depth layer). In layer 1, the Si and O atomic percentages of the
two interfacial layers are similar to each other. The ratio of Si: O is far away from the ideal
1:2 of SiO2 and the Si amount is much higher. This phenomenon could be attributed to
following reasons: (1) the interfacial layers are ultrathin (<5Å), X-ray could easily
penetrate through, and the signal would be affected by the Si substrate. (2) Si substrate
cannot be fully oxidized by either the chemical oxidation method or the O3+H2O method.
(3) Estimation of atomic percentage by XPS is a rough method, the results could be
significantly affected by contamination and equipment limitation. From layer 1 to layer 3,
the Si:O ratio increases faster in O3 and H2O formed interfacial layer, which is because the
O3 and H2O formed interfacial layer is thinner than the chemical oxide, so the X-ray arrives
the Si substrate sooner.
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Figure 6.2 displays the oxygen 1s spectrum of the surface of interfacial layers from
different treatments before depositing HfO2. Figure 6.2(a) is from chemical oxide interface,
figure 6.2(b) is from O3+H2O interface, and figure 6.2(c) is from the surface of Si after
only one pulse of O3. Our O-1s spectrum show that the main chemical states of oxygen on
the surface are hydroxyl (~ 531.5 eV)[13], Si-O(~ 532.5 eV)[13] and H2O (~534 eV)[14],
but their amounts (the area under each peak) on the surfaces vary between different
preparation methods.

Comparing chemical oxide (Figure 6.2a) and O3+H2O (Figure 6.2b) methods, the amount
of –OH group on the surface interface from O3+H2O method (area under –OH peak : area
under Si-O peak is 0.24) is smaller than that on the interface from chemical oxide method
(area under –OH peak : area under Si-O peak is 0.57). Introducing H2O in the end of O3
process is necessary, since the amount of –OH group on the interface from O3+H2O process
is increased comparing with O3 only method (area under –OH peak : area under Si-O peak
is 0.17).

6.3.2 Growth linearity of ALD HfO2 on in-situ formed interfacial layer
After formation of the interface layer, the substrate temperature was increased to 300°C.
During the temperature ramping up, the samples remained in the ALD vacuum chamber,
so there was no unwanted SiO2 re-growth. Therefore, it is an in-situ deposition process. At
300°C, HfO2 was deposited on the samples by ALD for 15, 21, 24, 35, 50, 100, 150 and
200 cycles. The physical thicknesses were measured using spectroscopic ellipsometry as
shown in Figure 6.3(a) with square marks. The MSE of the measurement is less than 5.
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The growth of HfO2 shows excellent linearity even during the starting cycls, suggesting a
stable atomic-layer-by-atomic-layer deposition. The deposition rate of ~1Å/cycle was
extracted by calculating the slope of the straight growth line. MOS capacitors were
fabricated using the interfacial layer/HfO2 stacks as the gate dielectric. The EOTs of the
gate dielectric stacks were extracted from the C-V curves measured at high frequency (100
KHz), which were plotted in Figure 6.3(a) with triangle marks. Several devices were
measured for each number of ALD cycles, and the EOTs have variation <2Å among all the
measured devices. The linearity of EOT vs. ALD cycle numbers will be discussed in details
later.

Figure 6.3(b) shows the physical thickness of HfO2 deposited for 1, 2, 3, 4, 5, 10 and 30
cycles on chemical oxide interface and O3+H2O interface. During 1-5 cycles, the growth
of HfO2 is not linear. The HfO2 growth tracks on these two interfacial layers are similar,
which implies the O3+H2O interface is as effective as the chemical oxide interface. The
MSEs of the spectroscopic ellipsometry measurements are 3-4, and the error bar would
mix together with the data point mark, so it is not shown in figure 6.3(b).

6.3.3 Electrical characterization of MOS capacitors
Figures 6.4 and 6.5 are the high frequency (100 KHz) Capacitance density-Voltage (C-V)
curves of the MOS capacitors using the in-situ formed interfacial layer/ALD HfO2 as the
gate dielectric stacks. HfO2 was deposited for 21 cycles on the sample shown in Figure 6.4,
and 24 cycles on the sample shown in Figure 5. In Figure 6.4, the C-V curve of the MOS
capacitor using ALD HfO2 deposited for 21 cycles on the chemical oxide is also plotted as
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a reference. The dots are the measurement data (circles are data from the chemical oxide
sample and squares are data from the in-situ formed interfacial layer sample), and the solid
curves are the theoretical quasi-static C-V simulation that takes quantum effects into
consideration. In all the C-V results, the deviation of capacitance density is under 5×10-8
F/cm2. This is too small to be drawn as an error bar, since the error bar would mix together
with the data point. The fitting of the simulation to the measurement data is precise in the
depletion region and in the initial part of the accumulation region. In the high-voltage part
of the accumulation region, the measurement data have deformation and the capacitance
value drops. This is because the interfacial layer plus the 21-cycle-ALD HfO2 stack is
ultrathin with its physical thickness of < 3 nm, so that the direct tunneling current through
the dielectric stack is high, which causes C-V deformation in the high gate voltage
region[15]. By fitting the measurement data with simulation, we extracted the flatband
voltage (VFB) and the EOT of the capacitors. The physical thicknesses of the HfO2 thin
films are also marked in the Figures. The physical thicknesses of the HfO2 films on these
two samples are 2.59 nm and 2.79 nm, separately, and the corresponding EOTs are 0.86
nm and 0.98 nm. The HfO2 physical thickness of the in-situ formed interfacial layer sample
is 2Å thinner than that of the chemical oxide sample, which was caused by experiment
variation. The 2Å difference in physical thickness corresponds to 0.4Å difference in EOT,
but the EOT of the in-situ interfacial layer sample is 1.2Å thinner than that of the chemical
oxide sample. This extra 0.8Å less EOT should be attributed to the thinner interfacial layer
comparing to chemical oxide.
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The C-V curve of the MOS capacitors using the in-situ formed interfacial layer plus the
24- cycle-ALD HfO2 gate stack is plotted in Figure 6.5. The physical thickness of HfO2 on
this sample is almost the same as that of the chemical oxide sample, and the EOT is slightly
thinner (0.4Å) than that of the chemical oxide sample. The thickness of interfacial layers
is slightly less than 5Å. The EOTs of the samples in both Figures 6.4 and 6.5 suggest that
the quality of HfO2 deposited on the in-situ formed interfacial layer is comparable to that
deposited on the chemical oxide.

MOS capacitors were fabricated using samples with 35, 50 and 100 ALD cycles of HfO2.
The samples were analyzed in the same way as described above, and the EOT vs. cycle
number is plotted in Figure 6.3 with the triangle mark. The C-V curves of the capacitors
using HfO2 with cycle numbers of < 21 have large deformation in the accumulation region
due to large leakage current. The linearity of EOT vs. ALD cycle numbers is excellent,
suggesting that it is a true ALD process.

Figure 6.6 shows the Current density-Voltage (J-V) curves of the capacitors discussed
above. The J-V curve of the chemical oxide sample is also plotted as a reference. In all the
J-V results, the deviation of the current density is within half order. The uniformity is pretty
good among all the measured devices. The gate leakage current is evaluated at VG=VFB+1V.
At this gate voltage, the leakage current of the chemical oxide sample is 2.65×10-2 A/cm2,
which matches with the previously reported results[16, 17]. The leakage current of the insitu interfacial layer sample with 21-cycle-ALD HfO2 is 0.2 A/cm2, which is 1-order-ofmagnitude higher than that of the chemical oxide sample. This is because the EOT of the

130

in-situ interfacial layer sample is 1.2Å thinner than that of the chemical oxide sample. The
physical thickness and EOT of the 24 cycles ALD HfO2 sample are almost the same as
those of the chemical oxide sample, and its gate leakage current is 5.32×10-2 A/cm2, which
is also comparable to that of the chemical oxide sample. The gate leakage current of HfO2
grown by ALD could be affected by the interfacial layer because the initial nucleation is
dependent on the interfacial layer. If the interfacial layer is lack of –OH groups, or is not
hydrophilic, there are not enough sites on the sample surface for molecules of TDMAH to
attach to, so that nucleation is disturbed. In this case, the molecules might be stacked on
each other randomly, resulting in HfO2 films with non-stoichiometry and defects. The gate
leakage current of the dielectric stacks using the in-situ formed interfacial layers
comparable to that using chemical oxide interfacial layer suggests that this method is useful.

6.3.4 Frequency dispersion and hysteresis of MOS capacitors
In order to further understand the trap charges in the interface and in the HfO2 thin film,
we carried out measurement of frequency dispersion and hysteresis behaviors of the C-V
curves, the results are shown in Figure 6.7. The chemical oxide/21-cycles-ALD HfO2
sample was used as a reference, and the in-situ interfacial layer/24-cycle-ALD HfO2
sample was studied, because the two samples have the same EOT. Figure 6.7(a) shows
three C-V curves of MOS capacitor on the chemical oxide sample, measured at 10 KHz,
100 KHz and 1 MHz, separately. The three curves overlap with each other in depletion
region with the same VFB. The C-V curve in accumulation region at 1 MHz does not match
with the curves at 10 KHz and 100 KHz. This phenomenon is not caused by interfacial
traps, but by the series resistance of the gate electrode [18-20]. The samples were kept in
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air for months before we measured the C-V frequency dispersion, and a thin layer of NixOy
would have already formed on the Ni gate surface, which increases the gate series
resistance. The C-V curves at 10 KHz and 100 KHz overlapping with each other suggests
that there is no frequency dispersion and the interfacial quality is very good. Figure 6.7(b)
shows the C-V hysteresis behavior of the same capacitor at 100 KHz. The solid curve in
the figure was measured from depletion to accumulation, and the dash curve was measured
from accumulation to depletion. The two curves overlap with each other and the VFB shift
is negligible, suggesting the mobile charge in the HfO2 thin film is small. Figures 6.7(c)
and 6.7(d) are the C-V frequency dispersion and hysteresis behavior of the in-situ
interfacial layer/ALD HfO2 sample. Figures 6.7(c) and 6.7(d) show C-V curves similar to
those in Figures 6.7(a) and 6.7(b): the C-V curves measured at different frequencies are all
smooth; the C-V curves measured at different frequencies have the same VFB; the hysteresis
behavior is negligible. Therefore, we conclude that the ALD in-situ formed interfacial layer
provides comparable interfacial quality and dielectric stack quality to that of the chemical
oxide interface.

6.4 Conclusion
In summary, a highly hydrophilic SiO2-based interfacial layer was in-situ formed in the
ALD chamber using 1 cycle of O3 and DI H2O. HfO2 was deposited on this interfacial layer
using a conventional ALD process. Studies of interfacial layer characterization, HfO2
growth linearity, EOT of the stack, gate leakage current, and frequency dispersion and
hysteresis behavior of the C-V curves suggest that the in-situ formed interfacial layer can
result in the same high-quality HfO2 dielectric layers as the chemical oxide interfacial layer.
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Using this approach, the wet chemical oxidation step can be eliminated from the processes
of deposition of high-k gate stacks.
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Figure 6.1. The main atomic percentage change of main components (Si and O) of chemical
oxide interface and O3+H2O interface from XPS depth profiling (layer1: the bare surface,
layer3: the most in-depth layer).
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Figure 6.2. (a)-(c): The oxygen 1s spectra of the interfacial layers from different treatments
before depositing HfO2. (a) Chemical oxide interface. (b) O3+H2O interface. (c) only O3
grew interface.
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Figure 6.3. (a) Square: Physical thickness of ALD HfO2 thin films deposited for 15, 21, 24,
35, 50, 100, 150, 200 cycles. Triangle: Equivalent Oxide Thickness (EOT) extracted from
high-frequency (100 KHz) capacitance-voltage (C-V) curves of the MOS capacitors using
the interfacial layer/HfO2 as the gate stacks. The interfacial layer was grown by 1 ALD
cycle of O3 and DI H2O at 100°C. Physical thicknesses of the HfO2 thin films were obtained
by spectroscopic ellipsometry.
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Figure 6.3. (b) ALD of HfO2 on chemical oxide interface and O3+H2O interface for 1, 2, 3,
4, 5, 10, and 30 cycles.
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Figure 6.4. Experimental (dots) and simulated (lines) C-V curves of Ni/Ti/HfO2/interfacial
layer/p-Si MOS capacitors. The experimental C-V curves were measured at 100 KHz. The
interfacial layers were grown by SC1 chemical oxidation and 1 ALD cycle of O3 and DI
H2O at 100°C, separately. The HfO2 films were deposited for 21 cycles.
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Figure 6.5. Experimental (dots) and simulated (lines) C-V curves of Ni/Ti/HfO2/interfacial
layer/p-Si MOS capacitors. The interfacial layers were grown by 1 ALD cycle of O3 and
H2O at 100°C. The HfO2 were deposited for 24 cycles.
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Figure 6.6. Leakage current density curves of the same MOS capacitors as shown in
Figures 6.4 and 6.5.
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Figure 6.7. (a) Frequency dispersion (10 KHz, 100 KHz, 1 MHz) of C-V curve of MOS
capacitor using chemical oxide/21-cycle-ALD HfO2 as gate dielectric. (b) Hysteresis
behavior of 100 KHz C-V curve of the MOS capacitor in Figure 6.7(a).
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Figure 6.7. (c) Frequency dispersion (10 KHz, 100 KHz, 1 MHz) of C-V curve of MOS
capacitor using ALD O3+H2O interface/24-cycle-ALD HfO2 as gate dielectric. (d)
Hysteresis behavior of 100 KHz C-V curve of the MOS capacitor in Figure 6.7(c).
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Chapter 7 Atomic layer deposition of HfO2 using HF etched thermal
and RTP SiO2 as interfacial layers
7.1 Introduction
Many methods were developed to prepare different interfacial layers for ALD of high-k
dielectric materials, and the effectiveness of the interfacial layers were discussed in the
publications. These interfacial layers include chemical oxide[1, 2], thermal SiO2[1, 3],
SiOxNy[1, 3], ozone oxide[3-6], etc. Among all these interfacial layers, chemical oxide is
most widely used, and HfO2 thin films grown on chemical oxide grown by SC1 solution
(2 NH4OH: 4 H2O2: 200 H2O) has the best quality (See Chapter 5 for details). It was
reported that thermal SiO2 and Rapid Thermal Process (RTP)-grown SiO2 are not good as
interfacial layers because they are lack of –OH groups, and the ALD of HfO2 on them faces
a challenge of extra nucleation barrier, resulting in low HfO2 coverage[1].

In this research, we proved that after controllable etching in diluted HF solution, thermal
and RTP SiO2 become highly hydrophilic on the surface, and can be used as interfacial
layers for HfO2 deposition. The electrical quality of HfO2 is not degraded by these
interfacial layers. We studied the physical and electrical properties of HfO2 thin films
deposited on thermal and RTP SiO2 using ellipsometry measurement of HfO2 films and
electrical measurement of the metal-oxide-semiconductor (MOS) capacitors.
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7.2 Experimental
Boron doped p-type Si(100) substrate with a resistivity of 1-20 Ω cm was used. The
substrate was cleaned using Radio Corporation of America (RCA) cleaning to remove
organic and ionic contaminations. After RCA cleaning, the substrate was cleaned using a
BOE (buffered oxide etch) solution, providing an H-terminated surface of the silicon
substrate. The surface was hydrophobic, which suggested that no oxide was left. The
substrate was then loaded into quartz tube furnace for thermal oxidation. The thermal
oxidation was executed at 900°C in diluted oxygen (O2:N2=1:5) for 20 seconds followed
by a 20 minutes anneal, and a high quality ultrathin SiO2 layer with thickness around 22Å
was obtained (see Chapter 2 for details). After thermal oxidation, the substrate was cut into
2 pieces, one piece went through Rapid Thermal Process (RTP) at 1070°C for 2 minutes in
helium and trace O2. The temperature ramped up at a rate of 10°C/second, and the trace O2
concentration was ~840 ppm (parts per million). The details of the RTP setup are described
in Chapter 3. After RTP, the thickness of the thermal SiO2 was increased by 5-6Å.

Aqueous hydrofluoric acid (HF, 49 wt %) was diluted using deionized water (DI water),
and the volume ratio of aqueous HF to DI water is 3:1000. Both the thermal SiO2 sample
and the RTP SiO2 sample were etched in the diluted HF solution. By controlling the etching
time, the thicknesses of the SiO2 thin films were reduced to 3.5-4.5Å, which is comparable
to the thickness of chemical oxide used as an interfacial layer for ALD of high-k materials.
It was found that although fresh thermal and RTP SiO2 were lack of –OH groups and the
surfaces are almost hydrophobic, the surfaces of the thin films turned into hydrophilic after
wet etching in diluted HF solution. This phenomenon was also reported by G. Gould and
144

E. A. Irene[7]. The HF etched hydrophilic thermal oxide and RTP SiO2 were used as
interfacial layers for ALD of HfO2.

The chemical oxide interfacial layer was also grown using SC 1 solution (2NH4OH: 4H2O2:
200 DI H2O) at 60°C for 2 minutes, in order to provide a reference. The thickness of the
chemical oxide was ~4.5Å. Detailed information about the chemical oxide as an interfacial
layer has been studied before[8], and is illustrated in Chapter 5.

Using chemical oxide, HF etched thermal oxide, and HF etched RTP SiO2 as interfacial
layers, HfO2 was deposited for 21 cycles using ALD (Cambridge NanoTech Inc) at 300°C.
The precursors were tetrakis(dimethylamido)hafnium (TDMAH) and H2O. Details of the
HfO2 deposition by ALD were described in Chapter 5. After deposition of HfO2, multiangle Spectroscopic Ellipsometry (J. A. Woollam M3000 V) was used to measure the
physical thickness and optical constants (n-refractive index, and k-extinction coefficient)
of the thin HfO2 films. The physical thicknesses of the 21-cycle-ALD HfO2 on different
interfacial layers are consistent, and are around 30Å.

MOS capacitors were fabricated to characterize the electrical properties of the thin HfO2
films and the interface quality. The metal gate stack was 100Å Titanium (Ti) covered by
1000Å Nickel (Ni), which were deposited by electron-beam evaporator. The metal gate
was patterned by photolithography and wet etching, and the gate patterns were circles with
diameter equals to 100 µm. The backside of the Si substrates was coated by 1000Å
Aluminum (Al), which was also deposited by e-beam evaporation. The samples were
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annealed at 450⁰C in forming gas for 30 min., which created an Ohmic contact between
Al and the bulk Si.

The capacitance-voltage (C-V) curves were measured using an Agilent 4284A LCR meter
at different frequencies, and the current-voltage (I-V) curves were measured with an
Agilent 4155B semiconductor parameter analyzer. Equivalent Oxide Thicknesses (EOT)
and flatband voltages (VFB) were extracted from the 100 KHz C-V curves by using
theoretical quasi-static C-V simulation which took quantum mechanics into consideration.

7.3 Results and Discussion
7.3.1 Precisely controlled etch of thermal and RTP SiO2 in diluted HF solution
In order to reduce the thermal and RTP SiO2 thickness from 20-30Å to 3.5-4.5Å, we need
to dilute HF solution to get proper etching rate. The concentrations of the HF solutions
which are commonly used in semiconductor industry are too high and the ultrathin SiO2
films would be totally etched out in several seconds[9, 10]. Concentrated HF reagent (49
wt %) was diluted with the volume ratio of HF to DI H2O equals to 3:1000. In order to
study the etch rate of high quality thermal SiO2 in this solution, thick SiO2 was thermally
grown at 900°C in pure O2 for 25 minutes, and the thickness of SiO2 after oxidation was
162.26Å. The film thickness was measured by multi-angle spectroscopic ellipsomety with
MSE around 5. This film was etched in diluted HF solution until the thickness was reduced
to 4.03Å. During the etch process, the sample was taken out from the HF solution for
measuring the remaining oxide thickness once for a while, in order to prevent over-etch.
The details of the etch process are included in table 7.1. After etching in the diluted HF
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solution for 5 minutes, the thickness of the SiO2 film was reduced by 45.65Å, and the etch
rate in the beginning 5 minutes was 9.13Å/min. This process was repeated 3 times for 5
minutes, 7 minutes and 2.5 minutes, until the thickness of the SiO2 was reduced to 4.03Å,
which is proper as an interfacial layer for ALD of HfO2. The overall etch rate of thermal
SiO2 grown at 900°C in the diluted (3:1000) HF solution is 8-9Å/min.

Using the same method, extra data about the etch rates of various materials in the diluted
(3:1000) HF solution were produced, and the results are listed in table 7.2. Various
materials include native SiO2, ALD SiO2 after RTP, ALD HfO2, and ALD HfO2 after RTP.
The etch rate of native SiO2 is ~10Å/min, which is slightly higher than that of thermal SiO2
grown at 900°C as stated above. This could be attributed to the relatively loose structure
of the native SiO2. The etch rate of the as deposited HfO2 is ~10Å/min, and it is reduced to
~0Å/min after RTP. This implies the material property of the ALD HfO2 could be
significantly changed by RTP at 1050°C. In contrast, there was no observable difference
between the etch rate of thermal SiO2 and the etch rate of RTP SiO2.

As stated in the Experimental Section, ~22Å-thermal SiO2 and ~28Å-RTP SiO2 (The
thermal SiO2 had ~6Å regrowth after RTP) were etched in dilute HF solution to reduce the
thickness, such that they could be used as interfacial layers for ALD of HfO2. Using the
etch rates listed in table 7.1 as references, etch time was precisely controlled. The thickness
of the thermal SiO2 was reduced to ~3.5Å, and the thickness of the RTP SiO2 was reduced
to ~4.5Å.
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7.3.2 Electrical characterization of HfO2 thin films grown on different interfacial
layers
21-cycle-ALD HfO2 was grown on chemical oxide, HF etched thermal SiO2 and HF etched
RTP SiO2. MOS capacitors were fabricated to characterize the electrical properties of the
SiO2/HfO2 dielectric stacks. In order to have clear labels, the sample using chemical oxide
as the interfacial layer is named Sample 1, the one using HF etched thermal SiO2 as the
interfacial layer is named Sample 2, and the one using HF etched RTP SiO2 as the
interfacial layer is named Sample 3. Figures 7.1 and 7.2 show the high frequency (100 KHz)
Capacitance density-Voltage (C-V) curves of MOS capacitors using HF etched thermal
and RTP SiO2 as interfacial layers (Samples 2 and 3), and the C-V curves of the capacitors
using chemical oxide as interfacial layer (Sample 1) are also plotted in both figures as a
reference. The dots in the figures are the experimental C-V data (circles are data from the
chemical oxide sample, triangles are data from the HF etched thermal SiO2 sample, and
squares are data from the HF etched RTP SiO2 sample), and the solid curves are quasistatic simulations that takes quantum effects into consideration. Each of the experimental
C-V data is a typical representative of the results of 10-15 measured devices. By fitting the
theoretical C-V simulations with the experimental C-V data, we can extract the Equivalent
Oxide Thicknesses (EOTs) and flatband voltages (VFB) of the MOS capacitors. The fittings
of the simulations to the measurement data are precise in the depletion region and in the
initial part of the accumulation region, which implies the extraction of EOTs and VFB is
reliable. In the high-voltage part of the accumulation region, the capacitance densities drop,
which introduce deformation to the measured C-V curves. This is because the interfacial
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layer/21-cycle-ALD HfO2 dielectric stacks are ultrathin, thus the direct tunneling current
are high, which cause C-V deformation in the high gate voltage region[11].

The physical thickness of HfO2 thin films on these 3 samples were 3.06 nm, 3.07 nm and
3.06 nm, separately, and the corresponding EOTs were 0.98 nm, 0.99 nm and 1.07 nm.
Both the physical thicknesses and the EOTs of the 21-cycle-ALD HfO2 grown on chemical
oxide and HF etched thermal SiO2 are the same, which suggests that the electrical quality
of HfO2 would not be harmed by using HF etched thermal SiO2 as the interfacial layer. The
remaining SiO2 interfacial layer on the RTP SiO2 sample (Sample 3) was thicker (~4.5Å)
than that on the thermal SiO2 sample (sample 2, ~3.5Å), which may explain why the EOT
of sample 3 is ~1Å thicker than the EOTs of Samples 1 and 2. The VFB are also marked in
Figures 7.1 and 7.2, and will be used to evaluate the gate leakage current.

Figure 7.3 shows the Current density-Voltage (J-V) curves of the MOS capacitors on
samples 1-3. The gate leakage current densities are evaluated at VG=VFB+1V, and they are
listed in the Figure. The gate leakage current of Sample 1 at VG=VFB+1V is 6×10-2 A/cm2,
which matches pretty well with the previously reported results[12, 13]. The gate leakage
current of Sample 2 is 9.5×10-2 A/cm2. The MOS capacitors using HF etched thermal SiO2
interfacial layer has comparable gate leakage current to those using chemical-oxide
interfacial layer, although there is a kink in the low voltage region of the J-V curve, which
implies the interfacial quality is not ideal. We suggest that the remaining SiO2 might be
slightly damaged during the HF etch, so that a thicker interfacial layer might be needed for
providing interfacial protection when using HF etched thermal SiO2 as interfacial layer.
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The gate leakage current of Sample 3 is the lowest one among those of all the three samples
(3.7×10-2 A/cm2), although it is still in the same order of magnitude (10-2 order) to the gate
leakage current of the other two samples. This phenomenon corresponds to the thicker EOT
of sample 3, and could also be attributed to the thicker interfacial layer on sample 3.

The gate leakage current density is controlled by the quality of the HfO2 thin films, and the
initial nucleation plays a key part in the growth of high quality HfO2 using ALD. During
the initial nucleation, molecules of TDMAH chemically attach to –OH groups on the
surface of the interfacial layer. The interfacial layer should be hydrophilic with high –OH
group density to provide sufficient sites for the TDMAH molecules to attach to. The gate
leakage current of MOS capacitors using HF etched thermal and RTP SiO2 as interfacial
layers are comparable to that of MOS capacitors using chemical oxide as an interfacial
layer, which suggests that the HF etched thermal and RTP SiO2 could be used as effective
interfacial layers.

7.3.3 The interfacial quality of ALD HfO2 using different interfacial layers
In order to further study the effectiveness of HF etched thermal and RTP SiO2 as interfacial
layers for ALD of HfO2, we measured the frequency dispersion of the C-V curves. Figure
7.4(a) shows the C-V curves of the MOS capacitor using chemical oxide as the interfacial
layer (sample1), the C-V curves were measured at 10 KHz, 100 KHz and 1 MHz. The
frequency dispersion of sample 1 is set as an interfacial quality reference. Figure 7.4(b)
and (c) are the frequency dispersions of MOS capacitors using HF etched thermal SiO2 and
RTP SiO2 as interfacial layers. The Figures 7.4(a), (b) and (c) exhibit similar C-V
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frequency dispersion behavior: the C-V curves measured at different frequency overlap
with each other in depletion region, the VFB value would be the same when extracted from
each C-V curve, and the 1 MHz C-V curve has lower accumulation capacitance comparing
to the 10 KHz and 100 KHz C-V curves. The consistent VFB suggests there is no C-V
frequency dispersion in all the three samples, and the interfacial quality is good. The
dropped capacitance density in the accumulation region of the 1 MHz C-V curve is caused
by the series resistance of the gate electrodes[14-16].

Figure 7.5(a), (b) and (c) show the hysteresis behavior of MOS capacitors using chemical
oxide, HF etched thermal SiO2 and HF etched RTP SiO2 as interfacial layers. The C-V
curves were measured at 100 KHz. The solid curves were measured from depletion to
accumulation, and the dash curves were measured from accumulation to depletion. In
Figure 7.5(a), (b) and (c), the two C-V curves in each figure overlap with each other, and
the VFB extracted from each curve would be almost the same. This suggests the C-V
hysteresis is negligible, and the mobile charge amount in the dielectric stack is small. In
Figures 7.5(a) and 5(b), we can barely recognize the dash curve from the solid curve, while
in Figure 7.5(c), it is even more difficult to tell the two curves. The hysteresis behavior of
the HF etched RTP SiO2 sample is even better, and this could be attribute to the good
interfacial quality between the Si substrate and the SiO2 interfacial layer after RTP.

Based on the analysis above, The C-V frequency dispersion and hysteresis behavior of
Samples 2 and 3 are all negligible and comparable to Sample 1, which suggest that the
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interfacial quality of ALD HfO2 is not degraded when using HF etched thermal and RTP
SiO2 as interfacial layers.

In Chapter 3, we discussed the formation of a strained Si layer at the SiO2/Si interface after
the rapid heating up and cooling down process in the RTP. However, in the situation of
this chapter, it is likely that the strain of the interfacial Si would be released during the
diluted HF etching. Plus, p-type Si substrates were used in this chapter, and it was discussed
in Chapter 3 that the valence band Ev of the strained Si remains unaltered. As a result, the
leakage current reduction phenomenon was observed in the high-k gate dielectric based
MOS capacitors discussed in this chapter.

7.4 Conclusion
In summary, diluted HF etch of thermal and RTP SiO2 creates hydrophilic surfaces, which
can be used as interfacial layers for ALD of HfO2. The EOT, gate leakage current, and
interfacial quality of the HfO2 are comparable to those of the HfO2 grown on chemical
oxide. This may provide a new way for interfacial oxide preparation for ALD HfO2 growth.
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Table 7.1. Etch rate of thermal SiO2 grown at 900°C in diluted (3:1000) HF solution. The
mean squared errors (MSEs) of the spectroscopic ellipsometry measurements are < 5.
Etch
time

Start
thickness

End
thickness

ΔThickness

5 min

162.26Å

116.61Å

45.65Å

5 min

116.61Å

75.23Å

41.38Å

7 min

75.23Å

25.41Å

49.82Å

2.5 min

25.41Å

4.03Å

21.38Å
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Etch
rate
9.13Å/mi
n
8.28Å/mi
n
7.12Å/mi
n
8.55Å/mi
n

Average
etch rate
8.11Å/min

Table 7.2. Approximate etch rates of various materials in diluted (3:1000) HF solution.

Material

Approximate etch rate

Native SiO2

~10Å/min

ALD SiO2 after RTP at 1050°C for 1 min

~2Å/min

ALD HfO2

~10Å/min

ALD HfO2 after RTP at 1050°C for 1 min

~0Å/min
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Figure 7.1. Experimental (dots) and simulated (lines) C-V curves of Ni/Ti/HfO2/interfacial
layer/p-Si MOS capacitors. The experimental C-V curves were measured at 100 KHz. The
interfacial layers were formed by SC1 chemical oxidation (Sample 1), and by thermal
oxidation+HF etching (Sample 2). The HfO2 were deposited using ALD for 21 cycles.
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Figure 7.2. Experimental (dots) and simulated (lines) C-V curves of Ni/Ti/HfO2/interfacial
layer/p-Si MOS capacitors. The interfacial layers were formed by SC1 chemical oxidation
(Sample 1) and by RTP oxidation+HF etching (Sample3). The HfO2 were deposited using
ALD for 21 cycles.
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Figure 7.3. Leakage current density curves of the MOS capacitors in Figures 7.1 and 7.2.
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Figure 7.4. Frequency dispersion (10 KHz, 100 KHz, 1 MHz) of C-V curves of
Ni/Ti/HfO2/interfacial layer/p-Si MOS capacitors. The HfO2 was deposited using ALD for
21 cycles. The interfacial layers are (a) chemical oxide; (b) HF etched thermal SiO2; (c)
HF etched RTP SiO2.
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Figure 7.5. Hysteresis behavior of 100 KHz C-V curves of the Ni/Ti/HfO2/interfacial
layer/p-Si MOS capacitors. The HfO2 was deposited using ALD for 21 cycles. The
interfacial layers are (a) chemical oxide; (b) HF etched thermal SiO2; (c) HF etched RTP
SiO2.
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Chapter 8 Conclusion and Future Work
8.1 Conclusion
The continuous shrink of the semiconductor device dimensions is approaching the
limitation, and the innovations of the materials and structures are urgently needed in the
MOS devices, in order to meet the performance expectation of the integrated circuits (IC).
HfO2 has replaced SiO2 and became the mainstream gate dielectric, while SiO2 is still
needed in many cases. Investigations of the gate dielectric materials and the
dielectric/silicon interfaces were presented in this dissertation.

Using a RTP based lateral heating treatment, the gate leakage current of the ultrathin
thermal SiO2 based MOS capacitors was reduced by 4-5 orders of magnitude. The
appealing electrical property of the MOS capacitors was attributed to the structure change
of the Si at the SiO2/Si interface after the lateral heating treatment. A thin layer of strained
Si with tensile stress was formed due to the rapid heating up and cooling down process.
The conduction band Ec of the strained Si layer is decreased, and the valence band Ev is
unaltered. The potential barrier height between the interfacial Si and the SiO2 is increased,
resulting the direct tunneling current reduction.

High quality SiO2 thin films were grown by ALD. Excellent linearity for growth was
observed. The growth rate increased at higher temperatures. When EOT <3.5 nm, the ALD
SiO2 has gate leakage current density comparable to that of thermal SiO2 grown at
temperatures above 800⁰C. The frequency dispersion and hysteresis behavior of the C-V
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curves of the ALD SiO2 films deposited at 100°C, 200⁰C, and 300⁰C are all very small in
the thickness region of <3.5 nm, suggesting excellent interfacial quality. Based on analysis
of mismatch between the films’ EOT and their physical thicknesses, the ALD SiO2 thin
films are likely to be silicon-rich in composition. At the deposition temperature of 100°C
and for thickness <3.5 nm, which is important to thin-film MOS transistors, the EOT-based
breakdown electrical fields (~10MV/m) of ALD SiO2 are nearly as good as that of thermal
SiO2, and the physical thickness-based breakdown electric-fields (~8MV/cm) are slightly
worse than that of thermal SiO2, although the thin films contain more H impurity than
thermal silicon oxide. At deposition temperatures of 200°C and 300°C, the EOT-based
breakdown e-fields (9-10MV/cm) of ALD SiO2 are close to that of the thermal SiO2 and
the physical thickness-based breakdown e-fields (5-8MV/cm) are worse than that of
thermal SiO2. At all deposition temperatures, the ultrathin ALD SiO2 (<3.5nm) has both
excellent EOT- and physical thickness-based breakdown e-fields (~10MV/cm), which are
almost comparable to that of thermal SiO2. The appealing electrical properties of thin ALD
SiO2 (<3.5 nm) enable its potential applications as high-quality gate insulators for thin-film
MOS transistors, and insulators for sensor structures and nanostructures on non-silicon
substrates.

High quality HfO2 thin film was grown by ALD, and the interface condition was
extensively investigated. Chemical oxide grown by SC 1 solution has been proved to be an
effective interfacial layer. 4.5 Å is the minimum thickness needed for the chemical oxide
to be a high quality interface. Using the chemical oxide as a reference, 2 innovative
interfacial layers were developed. The first interfacial layer was grown by in-situ ozone
161

and H2O exposure in the ALD chamber. Multi-angle spectroscopic ellipsometry and XPS
were used to characterize the interfacial layer. Studies of HfO2 growth linearity, EOT of
the stack, gate leakage current, and frequency dispersion and hysteresis behavior of the CV curves suggest that the in-situ formed interfacial layer can result in the same high-quality
HfO2 dielectric layer as the chemical oxide interfacial layer. Using this approach, the wet
chemical oxidation step can be eliminated from the processes of deposition of high-k gate
stacks, which is economically beneficial to the industry. The second interfacial layer was
prepared by controllable etching of thermal and RTP SiO2 in diluted hydrofluoric acid (HF)
solution. The EOT, gate leakage current, and interfacial quality of the HfO2 are comparable
to those of the HfO2 grown on chemical oxide. This may provide a new way for interfacial
oxide formation for ALD HfO2 growth.

8.2 Future work
Following the development trend of the semiconductor industry, further research is needed
as listed below.

ITRS has raised the urgent needs for dielectric materials with k values higher than that of
HfO2 (k>30), namely higher-k dielectric materials, in order to further support the scaling[1].
Two innovative SiO2-like interfacial layers were developed in this dissertation, and the
effectiveness of the interfacial layers for higher-k dielectric materials needs to be studied.
Incompatibility between the interfacial layers and the higher-k dielectric materials would
result in growth incubation period, increase of interface states, and degradation of the
material and electrical properties of the higher-k materials. These issues must be studied
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before implementing the interfacial layers for the higher-k dielectric materials based
transistors.

Germanium (Ge) and III-V materials have high carrier mobility, and are expected to
replace Si to form the conductive channel and promote the performance of transistors. The
control of the interface states is a key challenge which prohibits the application of the high
mobility materials. Abundant interface states at the channel/gate oxide interface would
enhance the carrier scattering effect, decreasing carrier mobility and leading to malfunction
of transistors. The ultrathin ALD SiO2 films have the potential to be used as the passivation
layers for the high mobility materials. The interfacial quality between ALD SiO2 and high
mobility materials is essential and must be characterized in details.

Additional, the effectiveness of ALD SiO2 films as the interfacial layers for growth of highk dielectric oxides should be studied. It was reported that –OH groups terminated SiO2
surface could be achieved by introducing H2O into the ALD cycle[2]. The material and
electrical properties of the –OH groups terminated SiO2, as well as the high-k dielectric
oxides grown using the SiO2 as the interfacial layer, worth to be studied in depth. The study
should be based on both Si and high mobility materials.
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